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TEMPORAL AND SPATIAL SCALES OF KELP DEMOGRAPHY: THE ROLE
OF OCEANOGRAPHIC CLIMATE

PauL K. DAYTON,! MIA J. TEGNER, PETER B. EDWARDS, AND KRISTIN L. RISER
Scripps Institution of Oceanography, University of California, San Diego, La Jolla, California 92093-0201 USA

Abstract. This paper integrates long-term descriptive and experimental studies of the
effects of ocean climate on inter- and intraspecific competition, as expressed by recruitment,
density, survivorship, growth, and reproduction of the most conspicuous kelp species in
the Point Loma kelp forest community off San Diego, California, USA. The species included
Macrocystis pyrifera, with a floating canopy; Pterygophora californica and Eisenia arborea,
which rely on stipes to support their canopy; Laminaria farlowii, with a prostrate canopy;
and a speciose red algal turf. To evaluate the roles of large-scale oceanographic processes
on biological processes across important depth gradients, the study was carried out over
nine years during a cold-water, nutrient-rich La Nifia event (1988—1989) and a warm-water,
nutrient-stressed El Nifio period (1992-1994), over a depth range of 8§-23 m. This depth
range encompassed strong physical gradients involving factors that are critical for kelp
growth, including bottom temperatures (correlated with nutrients) and light levels.

To examine interactions among these kelps, we established clearings across the depth
gradient and then manipulated Macrocystis recruit densities. The demographic responses
offer an understanding of the ‘‘fundamental” vs. ‘“‘realized”” niches of these species. Eval-
uating these patterns, as they are influenced by inter- and intraspecific competition, offers
insights into the ‘‘realized niches’ of the kelps. With the exception of some understory
effects on Macrocystis recruitment and some evidence of intraspecific competition during
the nutrient-rich La Nifia conditions, we found little influence of competitive effects on
Macrocystis. The response of Pterygophora to manipulations and disturbances suggests
light-limited recruitment, and competition with Macrocystis was exhibited via reduced
growth and reproduction, but not survivorship. No nutrient stress was observed in Ptery-
gophora reproduction. Eisenia recruitment is rare, but once established, juveniles had very
good survivorship, with growth and reproduction reduced by depth; the Macrocystis treat-
ment was more important than depth, suggesting the importance of light to Eisenia re-
cruitment and growth. In general, Macrocystis had massive effects on Laminaria growth
and reproduction, the strength varying with depth. In particular, there were very strong
effects of competition with Macrocystis during the nutrient-rich La Nifia period when
Macrocystis had a dense surface canopy. In addition to the Macrocystis effects, there were
some significant Pterygophora effects on Laminaria growth during El Nifio.

The strongest biological definition of realized niches occurred during the nutrient-rich
La Nifla period, especially in shallow depths. One of the most important conclusions of
this paper is the appreciation of the importance of scaling in time to include oceanographic
climate. There are many seasonal patterns, but the interannual scales that encompass El
Nifios and La Nifias, and ultimately the interdecadal-scale oceanographic regime shifts that
affect the intensity of canopy competition with Macrocystis, are critical for this system
because surface-water nutrients have pervasive long-term effects on the other kelps. Small-
scale patterns are driven by local processes (competition, disturbance, dispersal, etc.) that
potentially are important at larger scales; however, our most lasting effects result from very
large-scale, low-frequency episodic changes in nutrients, with cascading competitive con-
sequences to the other algal populations in the community.

Key words: community structure and competition; depth gradient; Eisenia; El Nifio and La Nifia

events; kelp; Laminaria; Macrocystis; fundamental vs. realized niches; ocean climate; Pterygophora;
scaling up small-scale research; time scales.

INTRODUCTION populations and communities. In coastal habitats, the
spatial variability involves the depth distribution of the
species, and temporal variability involves evaluating
important processes over many years and even decades

Manuscript received 4 August 1997; revised 14 May 1998; during different. (')ce'anograph.ic. conditions. Do distur-
accepted 18 June 1998. bances, nonequilibrium conditions, or large-scale ep-
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Most important issues in community ecology involve
the evaluation of scale-dependent relationships among
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structuring communities? What is the role of the fre-
quency and intensity of competition as it affects com-
parison between density dependent/independent pop-
ulation control and density-vague (Strong 1986) rela-
tionships? Most important population and community
processes also involve the trade-off between inter- and
intraspecific competition, and the roles of disturbance
and succession in population dynamics and community
organization. Obviously, these processes are integrated
in nature, and clarifying this integration contributes to
understanding the organization of biological commu-
nities, as well as to a better perception of evolutionary
processes that structure coastal communities. Finally,
how do ecosystem processes, such as the control of
productivity and various rate processes, influence these
evolutionary processes?

An earlier paper (Tegner et al. 1997) demonstrated
that the equilibrium conditions that dominated after
massive El Nifio and storm disturbances failed to per-
sist through a La Nifia that stimulated strong compet-
itive dominance. This paper addresses the effects of
competition and oceanographic climate across a depth
gradient as they influence patterns of density, survi-
vorship, growth, and reproduction of the most con-
spicuous kelp species in the Point Loma kelp forest
community off San Diego, California, USA. We inte-
grate long-term descriptive and experimental data and
specifically address effects of inter- and intraspecific
kelp density on these parameters in different depths
and years, integrating time and space with an evalua-
tion of the roles of large-scale oceanographic process-
es. We contrast small-scale patterns driven by processes
(competition, disturbance, dispersal, etc.) that are also
potentially very important at larger scales; however,
we ask whether the most lasting effects result from
very large-scale, low-frequency episodic changes in the
oceanographic climate.

Scales.—Understanding stability of patterns in time
and space always has been a dominant theme in ecol-
ogy. Ecologists have become acutely attuned to the
problems of replication in study design at small scales,
as well as the scale dependence of inferences derived
from experimental hypothesis testing (Schneider et al.
1997, Thrush et al. 1997). Only rarely are research
scales explicitly chosen to be appropriate to the ques-
tions, and, despite the fact that it is increasingly ap-
parent that many important processes take place over
longer and larger scales, most ecologists tend to avoid
environmental heterogeneity and work at ever smaller
and more homogeneous plots, enhancing the precision
of their experiments at the cost of their generality.
McGowan (1995) reviews long-term studies of marine
populations where large-scale, interannual and inter-
decadal changes in abundance account for most of the
variability in these communities. Bascompte and Sole
(1995) review the chaotic behavior of many temporal
population models as influenced by the stabilizing ef-
fect of spatial heterogeneity. However, ecological re-
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search seems to focus on oscillations and extinctions
of small local populations, without making explicit ref-
erence to the larger scales in space and time; often
populations behave very differently at these larger
scales. Very few marine situations are relevant to the
type of metapopulation dynamics reviewed by Bas-
compte -and Sole (1995), because local extinctions of
patches of individuals are very small scale and clearly
do not constitute populations in the normal sense. Cer-
tainly there are local differences in survivorship, but,
in fact, most population interactions do not result in
extinctions of metapopulations, although they may still
have important influence on various demographic fac-
tors such as age-specific rates of growth and repro-
duction.

Environmental gradients.—Most communities and
their component populations exist along environmental
gradients. The definition of such continua has been a
productive component of terrestrial ecology (see Mc-
Intosh 1995), but there is a tendency to focus on ob-
vious zonation in marine systems; the gradients usually
include depth or wave exposure, and the strata are test-
ed against a null continuum model, with the main ob-
jective of defining mechanisms causing discontinuities
or zonation. Because they are mechanistic and often
involve elegant experiments, such studies represent
some of the best-known paradigms of benthic ecology
(Paine 1994). There are few attempts to go beyond the
zonation and integrate intra- and interspecific density
effects across a gradient, although Dayton (1975a, b)
found striking interspecific effects that were strongly
affected by depth and wave exposure gradients in
Washington and Alaska, as well as in California kelp
forests (Dayton et al. 1984, 1992). Novaczek (1984)
observed striking reproductive differences in Ecklonia
radiata at 7-15 m depths in New Zealand. In central
California, Harrold et al. (1988) and Graham et al.
(1997) described the effects of a gradient of wave ex-
posure on kelp species structure and population dy-
namics, respectively. Foster (1990) pointed out the pau-
city of kelp studies along the complete depth gradient
over which they occur. Nevertheless, even fewer of
these studies considered intraspecific effects or eval-
uated growth and reproduction across the gradient.

Competition.—Some of the earliest ecological the-
ory was built on a clear understanding of the impor-
tance of both inter- and intraspecific competition as
well as predation (Gause 1934). The effects of inter-
and intraspecific competition are important to com-
munity and evolutionary theory, even if they occur in
a density-vague manner (sensu Strong 1986). Studies
of canopy competition are common in kelp forest re-
search (and include some of the earliest, such as Hatton
[1932], Kitching et al. [1934], Kitching [1941]). Much
of this research has been reviewed by Dayton (1985),
Schiel and Foster (1986), Chapman (1986b), and
DeWreede and Klinger (1988). Despite this long-stand-
ing interest, uncertainty exists about density effects on
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algal productivity, and this is particularly true across
depth gradients (Brawley and Adey 1981, Schiel and
Choat 1981, Cousins and Hutchins 1983, Schiel 1985).
Different interpretations may result from confounding
differences in plant architecture or habitat structure or
depth. Santelices (1990) reviews studies of intra- and
interspecific effects on reproduction and recruitment.

Disturbance.—Most reviews of disturbance have
emphasized the importance of the intensity and scales
of the perturbation. Kelp forests are exposed to a large
array of disturbances, from small to large scales, that
usually results in patchiness (Dayton et al. 1984, 1992).
Such patchy structure can be removed by sea urchin
grazing (Harrold and Pearse 1987). Kelp forest com-
munities are also influenced by much larger scale phys-
ical processes that, in our case, involve the entire
Southern California Bight and the much larger Cali-
fornia Current system. Oceanic and atmospheric pro-
cesses in the Pacific cause large-scale, low-frequency
changes leading to important interannual variability,
such as El Niflos and La Nifias. These and smaller
mesoscale (1-100s of km) oceanic anomalies are re-
sponsible for many episodic events that have long-term
implications (Tegner and Dayton 1987, Dayton and
Tegner 1990, Dayton et al. 1992). The persistence of
such postdisturbance states in kelp forests vary. Some
Alaskan urchin barrens appear persistent so long as sea
otters are rare or absent (Simenstad et al. 1978, Duggins
et al. 1989), while extensive Nova Scotia urchin.barrens
were stable for a decade until disease killed the urchins
(see reviews in Chapman and Johnson 1990, Elner and
Vadas 1990, Vadas and Steneck 1995). Other kelp hab-
itats in the Gulf of Maine depend upon a bivalve sub-
strate that is vulnerable to various types of disturbances
(Witman 1987). The 1957-1959 El Nifio in southern
California was associated with sea urchin barrens that
recovered quickly, without management, in nonpollut-
ed areas (R. McPeak and W. J. North, personal com-
munication), while recovery varied from a few years
at Point Loma to a score of years in Los Angeles County
(Wilson et al. 1977). Two very unusual and massive
large-scale storm disturbances (associated with the
most intense El Nifio in a century and an apparent 200-
yr storm; Seymour et al. 1989) impacted the Point
Loma kelp forest in the 1980s; one effect was increased
canopy destruction, but much of the structure of the
community recovered quickly (Dayton et al. 1992).
Tegner et al. (1997) considered the important secondary
effects of large disturbances followed by different
oceanographic climate events and found striking dif-
ferences in succession driven by the density and con-
dition of the Macrocystis canopy and its competitive
effects on understory populations.

Prioritizing environmental variables

Which environmental factors define patterns of dis-
tribution and abundance of kelps across a gradient? We
used Hutchinson’s (1957) niche theory to prioritize the
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importance of potential explanatory variables over dif-
ferent spatial and temporal scales. Physical factors af-
fecting plants include temperature, nutrients, light
quality and quantity, wave exposure, and sediments.
Such factors potentially determine patterns of recruit-
ment, survivorship, growth, and reproduction; as such
they define the ‘‘fundamental niches’’ (sensu Hutch-
inson 1957) of the species. Within the context of actual
kelp communities, fundamental niches may be impor-
tantly modified by biological processes, especially in-
tra- and interspecific competition and disturbances in-
cluding grazing, abrasion by plants, or other interac-
tions that impose restrictions beyond those of the phys-
iological limits (Dayton 1975a). There are also many
indirect negative interactions such as canopy reduction
of nutrients and modification of flow regimes (Jackson
1977, Jackson and Winant 1983, Eckman et al. 1989),
and there probably are indirect positive effects as well
(e.g., Witman 1987, Bertness and Callaway 1994).
Hutchinson termed these distribution patterns ‘‘real-
ized niches.” Yet, as with most actual communities,
patterns in kelp forests are patchy in space and variable
in time. We attempt to compare these heterogeneities
to the general importance of biological processes. To
do this, we evaluated aspects of fundamental and re-
alized niches of the dominant kelp species as they are
influenced by the two most important environmental
factors: water depth and density of the canopy forming
plants. In this system, the role of depth encompasses
gradients in light, wave energy, and temperature (a sur-
rogate for nutrient availability).

Our identification of critical variables is based on
earlier studies of temporal and spatial patterns of dis-
turbance and recovery (Dayton et al. 1992), evidence
for the effects of a long-term oceanographic regime
shift (Tegner et al. 1996), direct and indirect effects of
gradients of wave exposure on competitive and suc-
cessional patterns (Dayton et al. 1984), and ecologi-
cally important shifts in competitive relationships dur-
ing different oceanographic climate conditions (Tegner
et al. 1997). Here we report on controlled experiments
evaluating the relative effects of Macrocystis pyrifera
canopy on the density, growth, and reproduction of
Pterygophora californica, Eisenia arborea, and Lami-
naria farlowii. For Macrocystis and Pterygophora we
also evaluated the effects of manipulating intraspecific
density. We attempted to control for or measure other
variables: temperature, light, grazing, and, by choice
of sites, substrata differences. Recent experiments are
put in context of work done in the 1970s and 1980s,
and we report new data on density, growth, and repro-
ductive processes during two very different oceano-
graphic climate events (Hayward et al. 1994, 1995): a
nutrient-rich La Nifia event (Kerr 1988) in 1988-1989
and nutrient-stressed El Nifio conditions in 1992-1994.
Clearly this program is similar to benthic programs,
especially diving ones, that often lack adequate data
for sophisticated analysis (Legendre et al. 1997,
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F1G. 1. Temperature vs. nitrate relationship
from hydrocasts made quarterly by the Califor-
nia Cooperative Oceanic Fisheries Investiga-
tions program, 1986-1996, from three inshore
stations off Del Mar, California (117.1-117.4°
W, 32.5-33.0° N), the closest sites to Point
Loma, California. Water samples were taken
from the surface to 400 m. (For details, see
Scripps Institution of Oceanography [1994].)

Py

TEMPERATURE (°C)

Schneider et al. 1997), but we have studied sufficient
scales in space to evaluate commonly accepted gen-
eralizations of canopy effects in this one kelp forest,
and this may be the only such study repeated through
sufficient time to assess differences in interannual
oceanographic variability.

SITE AND SPECIES DESCRIPTIONS

This paper is based on work done in the Point Loma
kelp forest off San Diego, California, USA. Research
from the mid-1950s by W. J. North and M. Neushul,
and our own work starting in 1970, are summarized in
Tegner et al. (1996, 1997). The kelp forest is ~8-10
km long X ~1 km wide. It is one of the largest giant
kelp forests in the world, and it has marked cross- and
long-shore gradients. We have maintained long-term
study sites in different areas of the kelp forest since
1971 (Dayton et al. 1992), with the intention of inte-
grating gradients in important environmental factors
such as depth, light, nutrients, wave energy, flow,
planktonic propagules, and epifaunal animals. In Jan-
uary 1988, an extremely violent storm struck San Diego
and produced extraordinary biological and physical
damage at Point Loma (Dayton et al. 1989, Seymour
1989, Seymour et al. 1989).

Kelp forests are composed of canopy types that can
be categorized into guilds distinguished by morpho-
logical adaptations (Dayton 1985). In southern Cali-
fornia, these include the following features: (1) a float-
ing canopy (Macrocystis), (2) an erect understory in
which the fronds are supported by stipes (Pterygophora
californica and Eisenia aborea), (3) a prostrate canopy
lying on the substratum (Laminaria farlowii), (4) a turf
composed of many species of foliose and articulated
coralline algae, and (5) a pavement of encrusting algae.

Kelps occur from the intertidal zone to depths >>25
m, and species composition changes along this gradient
(see Dayton et al. 1992). Competitive relationships
among kelps at Point Loma are well described (Dayton
et al. 1984, 1992, Tegner et al. 1997). The dominant
kelp, Macrocystis pyrifera, which provides most of the

0+—— ,
5 6 7 8 9 10 11 1213 14 15 16 17 18 19 20 21 22 23 24

structure and primary productivity, ranges in depth 5—
25 m. Pterygophora californica is most abundant in
waters <15 m (Dayton et al. 1992). Laminaria farlowii
is also a common and important understory species in
southern California; it has an extremely wide depth
distribution occurring from the intertidal to 120 m
(Lissner and Dorsey 1986). Eisenia arborea offers an-
other interesting pattern, in that it is found on rocky
outcrops as deep as 40 m, yet it occurs all the way into
the intertidal at Point Loma. Previous work (Dayton et
al. 1984) has shown_a competitive hierarchy of Mac-
rocystis > Pterygophora > Laminaria and the other
understory algae including red foliose and coralline
algae, with an inverse hierarchy of susceptibility to
wave stress. Macrocystis is subjected to sustainable
harvest that has no measurable negative impacts on
kelp population parameters. We have no evidence that
the kelp populations at this location, their interactions,
and their responses to the oceanographic patterns gen-
erally are much affected by anthropogenic influences.

Nutrient distributions in southern California are
strongly affected by density stratification and occa-
sionally by uptake and release by phytoplankton. As
temperature is the dominant factor controlling sea wa-
ter density in this region, there is a clear relationship
between temperature and nutrient concentrations, and
the processes that affect density and temperature, such
as shoaling of isotherms near the coast, wind-driven
upwelling or downwelling, and internal waves, also
affect nutrient distributions (Eppley et al. 1979, Jack-
son 1983). A strong negative correlation between tem-
perature and nitrate, the nutrient most likely to limit
kelp growth (North et al. 1982), has been established
for the southern California Bight; there are negligible
amounts of nitrate for temperatures >15°C (Jackson
1977, 1983, Gerard 1982, Zimmerman and Kremer
1984). Fig. 1 illustrates a 10-yr temperature vs. nitrate
relationship from the California Cooperative Oceanic
Fisheries Investigations (CalCOFI) station nearest to
the Point Loma kelp forest. The same relationship for
the Point Loma kelp forest (Jackson 1977) shows a
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similar slope and intercept but more variation, which
probably relates to the influence of the bottom and the
far higher abundance of animals than in open water.
The relationship tends to be temporally stable, although
there is some noise that may be related to the advection
of different water parcels (Zimmerman and Kremer
1984), or to the use by phytoplankton, which leads to
lower nitrate concentration coupled with high oxygen
and chlorophyll with little temperature change (Hay-
ward and Mantyla 1990). Zimmerman and Robertson
(1985) found a slight but significant variation at Santa
Catalina Island in the temperature vs. nitrate relation-
ship between non-El Nifio conditions (1981) and a
strong El Nifio year; the intercept shifted slightly but
the slope of the relationship was not changed. We com-
pared the temperature at which regression lines indi-
cated zero nitrate and found slight shifts as well: for
the 1986-1996 period, the value was 14.3°C; for the
1988-1989 La Niila period, the value was 14.2°C; and
for the 1992-1994 El Nifio period, the value was
14.5°C. Schroeter et al. (1995) present evidence that
the higher nutrient concentrations within a few centi-
meters of the bottom, presumably from regeneration in
the sediments or animal excretion, aided the growth of
blade stage Macrocystis in 1983. As multifrond juve-
nile kelps (>1 m) grew slowly and were experimentally
shown to be nutrient limited (Dean and Jacobsen 1986),
they concluded that temperature is a useful proxy for
nutrient concentrations in the water column, but not
for benthos.

Average in situ water temperatures at Point Loma
decrease significantly with depth in the cross-shore di-
rection, with 12-, 15-, and 18-m depths all significantly
different from one another (Dayton et al. 1992). Sea-
sonally, bottom and surface temperatures follow dif-
ferent patterns, with the coldest bottom water in the
spring/early summer, followed by rising temperatures
in the late summer/fall, and an isothermal water column
in the winter. Both surface and bottom temperatures
are strongly correlated with sea level, and >75% of
the variance in sea level in the southern California
Bight is accounted for by equatorial forcing by El
Nifio—Southern Oscillation (ENSO) events (see Tegner
et al. 1996). Interannual variability in recent years has
been dominated by the 1982-1984 El Nifio, considered
to be the strongest observed to that time, the 1988-
1989 La Nifia, a cold-water ENSO event, and strong
but intermittent El Nifio conditions during 1992—-1993.
Using a 31-yr database for kelp harvest, Tegner et al.
(1996) found that the best predictor of annual kelp
harvest among several physical variables was average
surface temperature. This correlation results from the
fact that most of the biomass and most of the production
of giant kelp is in the surface canopy; this high pro-
portion of Macrocystis above the thermocline probably
overwhelms the capacity for upward nutrient transport.

Light patterns in the Point Loma kelp forest vary
considerably with depth, runoff, wave surge, plankton
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populations, other dissolved or particulate material in
the water, shading by attached organisms, and surface
light level. In the absence of other factors, such as
grazing or unsuitable habitat, the lower depth limit of
the kelp forest is apparently set by light (reviewed by
Foster and Schiel 1985). Lunning (1981) suggested that
this limit occurs at ~1% of surface irradiance for most
kelps. Light is attenuated logarithmically with depth;
the extinction coefficient varies inversely with turbid-
ity. Both Macrocystis and Pterygophora canopies can
reduce benthic irradiance levels by 90%, relative to
kelp-free areas at the same depth (Reed and Foster
1984).

Some of the worst water conditions we have seen in
>25 yr of work at Point Loma occurred in winter 1993,
which was characterized by 190% of the average
(1939-1992) number of rainy days, vs. 45% for 1988.
Muddy runoff resulted in extremely poor water visi-
bility. The visibility cleared somewhat during spring,
but there was a thick plankton bloom over the entire
region. Our observations of massive plankton blooms
in the kelp forest were associated with measurements
of low light availability on the bottom and low kelp
recruitment during this period. This extended period of
low light may have been responsible for the very poor
kelp recruitment during this time, relative to 1988.
However, there were no major wave events during this
period, so large-scale spore dispersal was likely to be
limited (Dayton et al. 1984, Reed et al. 1988). Heavy
suppression of the understory by the strong Macro-
cystis canopy during the La Nifia may also have con-
tributed to the low understory kelp recruitment ob-
served in 1993 (Tegner et al. 1997).

MATERIALS AND METHODS
Monitoring important physical variables

Temperature.—We have continuously measured bot-
tom temperatures, at our study sites of 8, 12, 15, 18,
and 21 m, using Ryan TempMentors (Ryan Instru-
ments, Redmond, Washington, USA) and StowAway
data loggers (Onset Instruments, Pocasset, Massachu-
setts, USA). Monthly temperature means were calcu-
lated using 8 values/d. Sea surface temperature data
are from the Scripps Institution of Oceanography (SIO)
pier, 17 km north of the study sites. A diving quarantine
during the 1992 sewage spill and equipment failures
caused several gaps in the data. Previously published
temperature data (Dayton et al. 1992, Tegner et al.
1996) are updated for reference (Fig. 2A).

Irradiance.—During December 1989-December
1991, six Li-Cor Quantum sensors (LI-192SB) with
Micro-Powered underwater data loggers (model UDL
250-3, ECOSystems Management Associates, Encini-
tas, California, USA) were deployed ~22 d each month
in the high and low density Macrocystis treatments at
8, 15, and 21 m. Irradiance at the bottom was integrated
over 15 min periods and stored in erasable program-
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F1G. 2. (A) In situ bottom temperatures, from 8-, 12-, 15-,

18-, and 21-m depths, in the center of the Point Loma kelp
forest and the surface temperature from the Scripps Institution
of Oceanography (SIO) pier, ~17 km to the north, 1987-

- 1995. (B) Percentage of the observations (8 observations/d)
each month in which bottom temperatures were above the
16°C nutrient threshold (NO;~ concentration is negligible at
temperatures higher than this) at three sites in the center of
the forest. The data gaps during 1992 were due to a large
sewage spill, during which we were not able to deploy and
retrieve instruments.

mable read-only memory (EPROM) units; total daily
levels were calculated from these values. While ac-
curate, these instruments proved unreliable and the data
sets were incomplete (Fig. 3). Irradiance data were col-
lected again with the same instruments in March and
April 1993 in the Macrocystis exclusion treatments at
the 8- and 15-m sites (Fig. 4).

Permanent transects.—In 1971 we established non-
replicated transects at 12-, 15-, and 18-m depths in the
central region of the Point Loma kelp forest, and these
were replaced in 1983 with replicates at each site. At
each site, four parallel 25-m lead lines were installed
in an onshore—offshore direction, with the lines spaced
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5-7 m apart. The plants were mapped (on a grid basis;
see Dayton et al. 1984) quarterly within 2 m of each
side of each line (400 m?site). All Macrocystis with
=4 stipes were mapped, as were the understory species
when possible. We also usually estimated percent cover
of Laminaria and turf algae on a quarterly basis (Day-
ton et al. 1992, Tegner et al. 1996, 1997).

1988 clearings.—In winter 1988, immediately fol-
lowing the storm, we initiated an experiment to deter-
mine the effects of kelp density (inter- and intraspe-
cific) on competitive relationships. To evaluate effects
across a depth gradient, experiments were established
at 8, 15, and 21 m in a cross-shore transect in the central
region of the Point Loma kelp forest. At each depth,
all nonencrusting macroalgae and urchins were cleared
from one 30 X 30 m area. To avoid edge effects, the
experiments were conducted within the central 20 X
20 m. Lead lines marked the boundaries of the squares.
To evaluate effects of different densities of Macro-
cystis, we manipulated them such that half (20 X 10
m) had a naturally recruited ambient density and the
other half of the clearing had the Macrocystis density
reduced to one-third (low density) of natural density.
Kelp density data were collected until spring 1991.
Algal populations in the clearings were assessed quar-
terly. All kelps were counted and percent cover of turf
algae estimated within 2 m of the three permanent lines
crossing the treatments of each clearing.

1993 clearings.—In winter 1993, we again cleared
the same (1988) areas of all macroalgae and sea ur-
chins, but also made several modifications to the 1988
design. First, an additional treatment was added to ex-
amine growth and competition of understory kelp spe-
cies in the absence of Macrocystis. The clearings were
expanded and now measured 30 X 20 m; one-third of
each clearing (10 X 20 m) had one of the following
treatments: (1) a naturally recruited density of Mac-
rocystis (high density), (2) a density of Macrocystis
one-third of naturally recruited density (low density),
and (3) complete removal of Macrocystis (no Macro-
cystis). To eliminate edge effects, a 10-m buffer zone
around the entire clearing was maintained free of Mac-
rocystis. To examine recruitment and competition
among species of kelps at the extreme depth range of
Macrocystis, an additional 30 X 20 m clearing was
made at 23 m, where Macrocystis naturally occurs in
relatively low density. To examine spatial variability
on a small scale, an additional 30 X 20 m clearing was
made at each depth, with distances between the two
clearings ranging from 30-50 m, with the exact loca-
tion chosen to match substrates and natural kelp pop-
ulations of the preexisting clearings. In winter 1995, a
powerful storm with a maximum significant wave high
of 5 m (Coastal Data Information Project, SIO) greatly
reduced the number of Macrocystis at our study sites,
leading to the decision to terminate the study.
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(““HIGH”’) and low-density (“LOW’’) Macrocystis treatments at 8 and 15 m, and in only the low-density Macrocystis treatment

at 21 m; data were recorded ~22 d/mo.

Tagged kelp plants

To study intra- and interspecific effects on growth
and reproduction in the different treatments, we tagged
individual Macrocystis, Pterygophora, Eisenia, and
Laminaria plants. The giant kelps were tagged with
plastic-coated wire that was looped around haptera, and
the tags were replaced as they were overgrown,; stipitate
plants were tagged with Floy spaghetti tags tied on the
stipes. In 1988, 20 Macrocystis were tagged in each
treatment at 8 and 15 m, but only 10 were tagged in
each treatment at 21 m, because of low recruitment.
Twenty Pterygophora were tagged in each treatment at
8 and 15 m, but there was no recruitment at 21 m.
Fifteen Laminaria were tagged in each treatment at 8§,

15, and 21 m. In late 1990, there was recruitment of
Eisenia in the low Macrocystis treatments at 8 and 15
m; seven Eisenia were tagged at 15 m, and six were
tagged at 8 m.

In 1993, Macrocystis, Pterygophora, and Laminaria
recruited in both clearings at 8 and 15 m; Pterygophora
and Laminaria recruited only in one clearing each at
21 m; and Laminaria also recruited in one clearing at
23 m. There was also much spatial variability in the
recruitment of Macrocystis in deeper water; recruit-
ment occurred in only one clearing at each of the 21-
and 23-m sites. Even though Macrocystis recruited in
only one clearing at 23 m, 12 Eisenia were tagged and
monitored in the clearing with no Macrocystis to obtain
more life history data for this species.
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(Deysher and Dean 1984).

Macrocystis growth and reproduction.—To measure
growth, we recorded the number of stipes per plant at
a height of 1 m above the substratum, and holdfast
volume was calculated from in situ measurements of
height and two basal diameters, assuming the shape to
be an elliptical cone (Ghelardi 1971). The volume of
the bundle of sporophyll blades at the base of each
plant was determined, assuming a cylinder from in situ
measurements of height and diameter of the bundle.
This is an indirect measure of reproductive effort, but
Reed (1987) has shown that sporophyll biomass is
closely related to zoospore production. We ranked the
reproductive state for each plant on the following scale:

0) No sporophylls present.

1) Sporophylls present but no sorus development.

2) Sporophylls with sori only at the base of sporo-
phylls.

3) Sporophylls with sori over most of the sporo-
phylls surface.

4) Sporophylls with sori over all of the sporophylls
surface.

5) Sporophylls with sori over all of the sporophylls
surface releasing zoospores.

Growth and reproduction of understory kelps.—
Pterygophora and Laminaria in the clearings were in-
dividually tagged at the same time as Macrocystis. Ei-
senia recruited and were tagged later. Growth of Ptery-
gophora was determined by the method of DeWreede
(1984). A 6-mm hole was punched in the midrib of the

terminal blade 30 mm from the base of the blade, and
every 3 mo another hole was punched at the same lo-
cation; the distance between the two holes was the
linear growth of the blade. Reproductive effort for
Pterygophora was evaluated by counting the number
of sporophyll blades and sori per plant. Eisenia growth
was evaluated by measuring stipe length, and repro-
ductive capacity was evaluated by the number of spo-
rophyll blades and sori. Growth of Laminaria was de-
termined in a similar manner to Pterygophora. A
10-mm hole was punched 85 mm from the base of the
blade and repunched in the same place every 3 mo; the
distance between the two holes was the linear growth
of the blade. Reproductive potential of Laminaria was
evaluated as the percent of each blade covered by sori.

Reproduction of control kelps

To compare the reproductive output of understory
species in our clearings with unmanipulated popula-
tions at 8, 15, and 21 m, each month from fall 1989—
December 1991, we collected 25 Pterygophora and
Laminaria from just outside our clearings. Plants were
sampled haphazardly from areas with moderate Mac-
rocystis densities. We recorded the number of Ptery-
gophora sporophyll blades and sporophyll blades with
sori, as well as the wet weight of the soral tissue and
the wet weight of all sporophyll tissue. We also esti-
mated the percent of Laminaria blades covered by soral
tissue and calculated a reproductive index from the wet
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weight of the soral tissue divided by the total wet
weight of the blade.

Module manipulations

Pterygophora.—To further assess the effects of inter-
and intraspecific competition on growth and reproduc-
tion, we manipulated Pterygophora densities on mod-
ules. Recruits from margins of the 15-m clearing were
attached to 30 X 30 cm polystyrene cube louver light
diffusers (our modules). Individual Pterygophora hold-
fasts were threaded into three strand nylon lines that
were attached to the modules with cable ties. These
modules were cable-tied to spikes on the bottom, in
the 8-, 15-, and 21-m sites. This allowed the modules
to be brought to the boat for measurements of growth
and reproduction, and then returned to their exact lo-
cation. Ten modules with five plants and 10 modules
with 25 plants were installed in each clearing. Five
replicates of each Pterygophora density were installed
in the high- and low-Macrocystis density treatments at
each depth in 1989.

Eisenia.—In August 1989, 72 unbifurcated Eisenia
were collected at the 15-m site and attached to 18 mod-
ules, each with four Eisenia. Thirteen Eisenia of the
same age class and size were tagged and left attached
to the natural substratum as controls. The modules were
attached to stakes, in each half of each clearing, at 8,
15, and 21 m, with three replicates per treatment at
each depth. Stipe length and bifurcation, and repro-
ductive status were recorded quarterly over the next 2

yI.
Data analysis

We utilized generalized linear modeling (GzLM;
McCullagh and Nedler 1989), as contained in SAS/
Insight (1993), to determine the relative importance of
various biological factors influencing kelp survivor-
ship, abundance, growth, and reproduction. This meth-
od of analysis increases the flexibility and generality
of the evaluation of data, particularly where nonnormal
errors occur (Schneider 1994). Since many kinds of
ecological data have nonnormal distribution of errors,
GzLM is very useful by allowing specification of a
variety of different error distributions: Poisson, bino-
mial, and gamma distributions. The decision to use a
particular model was made in an attempt to minimize
error deviance and thus increase the ‘‘goodness of fit.”
Inspection of the error distribution of various data sets
indicated a multiplicative increase of the error variance
with the mean, so a gamma model with a log-link func-
tion was chosen for most analyses (Crawley 1993,
Schneider 1994). We were interested in the response
to treatment of each individual tagged plant, and this
is the focus of the analysis. Separate analyses were
performed on data from the two clearing experiments
(initial years 1988 and 1993) at each depth. Data from
same-depth clearings in the 1993 experiment were also
analyzed separately to examine small spatial scale dif-
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ferences. Each model was made up of growth, repro-
duction, density, or survivorship data as the response
variable and Macrocystis stipe density as the indepen-
dent variable. To examine the relative importance of
inter- and intraspecific competition of the understory,
Pterygophora density was also used as an independent
variable, when appropriate.

We derived the most parsimonious model, following
Occam’s Razor, by using backwards selection (Crawley
1993) with an exit level of a < 0.10. That is, we ran
each model for analyses including both Macrocystis
stipe density and Pterygophora density. Upon inspec-
tion of the level of significance (P) for each variable,
the least significant variable was discarded and the re-
sulting deviance checked. If the change in deviance
was nonsignificant, then the term was permanently
dropped from the model. In the tables, we present the
P values, degrees of freedom, and the regression co-
efficients, to enable the reader to evaluate the relation-
ships. Discarded variables are presented in the tables
as nonsignificant (Ns) with no regression coefficient.

It is important to note that the clearing experiments
represent experimental treatments of high (ambient),
low (one-third ambient), and zero Macrocystis plant
densities across the depth gradient. The treatments were
maintained by continually manipulating Macrocystis
densities, and the results are presented in those terms.
Due to the life history characteristics of this kelp, how-
ever, it appears that stipe density is the more sensitive
indicator of the competitive effects of Macrocystis
(Tegner et al. 1996, 1997). Generally, there is an in-
verse relationship between Macrocystis plant density
and the average number of stipes per plant (North
1994). As a cohort undergoes self-thinning, stipe den-
sity remains relatively constant and appears to be a
good indicator of environmental carrying capacity
(Dayton et al. 1992, Tegner et al. 1996). While it was
not practical to manipulate stipe density in these ex-
periments, the data were collected, and we used this
more appropriate variable in the actual statistical anal-
yses. That is, the data presented in the tables utilize
the more appropriate stipe density as an independent
variable.

Different response variables had to be analyzed in
different ways:

1) To compare response variables in both experi-
ments (1988 vs. 1993) at comparable life history stages,
a point in time near the termination of the shorter 1993
experiment (10 mo) was chosen for data to be analyzed
along with the corresponding 10-mo time span in the
1988 experiment. To determine whether patterns ap-
parent at this time persisted, data were again analyzed
at the 25-mo point in the longer running 1988 exper-
iment. Macrocystis stipes per plant, holdfast size, spo-
rophyll condition, and algal densities were all analyzed
in this manner.

2) Kelp survivorship was analyzed in terms of the
number of weeks that individual tagged plants lived.
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3) Pterygophora and Laminaria growth and repro-
duction data collected at the peak of the first growth
and reproductive cycles were used because of strong
seasonality of these variables.

4) Unfortunately, Pterygophora modules in one
treatment at 8 m disappeared after 7 mo. The number
of sporophyll blades per plant was analyzed at this last
time point so that all treatments could be compared;
trends were clearly apparent at this time.

We realize that comparison-wise error may increase
when a large number of statistical tests are performed.
Corrections of the o level reduce the probability of
making a Type I error (i.e., accepting the existence of
an effect that is not real), but also they increase the
chance of making a Type II error (i.e., rejecting the
existence of a real interaction). We consider the latter
Type II error a more important risk. The experiments
and comparisons reported here were logistically diffi-
cult and fraught with countless real world problems,
common to diving research, that encompass important
scales in space and time. That is, such a high energy
and extremely variable coastal habitat imposes a great
deal of natural variation into such experiments. Con-
sidering the amount of noise in the system, we adopted
probabilities of P = 0.10 as sufficient evidence to imply
a meaningful relationship. Most values were much
more significant, and we simply present the uncorrected
probabilities and the degrees of freedom, and allow
readers to decide where they wish to be conservative.
This approach of considering the weight of evidence,
rather than testing point hypotheses, is in line with
current thinking (McCullagh and Nelder, 1989, Brown
1995, McArdle 1996, Hilborn and Mangel 1997).

Data collected through the course of these experi-
ments, which are presented as summary statistics in the
tables, are also graphically presented in the Appendix,
so that readers can evaluate depth-specific patterns of
response and variation. Again, the actual experiments
were analyzed with Macrocystis stipe densities as the
treatment variable, rather than plant densities. Plant
densities, however, are presented in the figures and
were what we actually manipulated.

RESULTS
Physical environment

The study period (1988-1995) was marked by
strongly varying temperature regimes (Fig. 2). During
the 1988-1989 La Nifia event, bottom temperatures
were predominantly <14°C, the isotherm indicating
water with adequate nutrients, and were above the 16°C
threshold for nitrate detection for a negligible period
of time. Strong but intermittent El Nifio conditions per-
sisted during 1992 and 1993 (Hayward 1993, Hayward
et al. 1994), and bottom temperatures were >16°C for
much of these years (Fig. 2B). Stratification of the wa-
ter column is reduced during strong El Nifio events as
the 14°C isotherm is depressed below kelp forest depths
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(Tegner and Dayton 1987). During 1994, circulation
returned to non-El Nifio conditions, but sea surface and
bottom temperatures were again anomalously warm
during most of the year, as well as in the first quarter
of 1995 (Hayward et al. 1995). While surface temper-
atures in 1992-1994 reached levels comparable with
the 1982-1984 El Niiio, the strong spring upwelling
observed during 1991, 1992 (Tegner et al. 1995), 1993,
and 1994 sharply contrasts recent temperature regimes
with the massive earlier El Nifio. For purposes of brev-
ity, we will call the 1988—-1992 experiments the La Nifia
set, and the 1993-1995 experiments the El Nifio set.

To better understand physical gradients, these ex-
periments were conducted at shallower and deeper sites
than our previously published temperature data (Day-
ton et al. 1992, Tegner et al. 1996). The temperature
records from 8 and 21 m generally follow the same
seasonal patterns as 12, 15, and 18 m; differences
among sites are maximal in the spring and summer,
decrease during the fall, and virtually disappear during
winter (Fig. 2). The pattern of significantly cooler tem-
peratures with increasing depth holds for these addi-
tional sites as well; 8 m is significantly warmer than
12 m (paired ¢ test, P < 0.005), although temperatures
from the two sites are highly correlated (simple linear
regression, 2 = 0.7). Despite its shallow depth, the
temperature pattern at 8 m is closer to that of the rest
of the kelp forest than the sea surface, from which it
is also significantly different (P < 0.005, 2> = 0.5).
This is supported by higher frequency observations
(samples every 10 min) of surface and bottom tem-
peratures at the 8-m site, which show much larger am-
plitude tidal variations on the bottom than on the sur-
face (unpublished data). Similarly, 21 and 23 m (for
which we do not have overlapping data) are both sig-
nificantly colder than 18 m (P = 0.001, 2 = 0.93; P
< 0.001, 2 = 0.95, respectively).

Total daily irradiance in high- and low-Macrocystis
treatments at 8, 15, and 21 m from December 1989—
December 1991 is presented in Fig. 3. Despite the many
periods for which there are no data, marked relation-
ships between irradiance and depth and canopy cover
are obvious. Fig. 4 presents total daily irradiance data
collected in March and April 1993 at the 8-and 15-m
sites. Note that the 8-m low-canopy treatments had
much more light in 1990 and 1991 than did the adjacent
no-canopy treatment in 1993, reflecting the lack of light
penetrating the plankton blooms that pervaded the kelp
forest during that time. Irradiance levels of 0.4 mol
photons-m~2-d~! and 0.7 mol photons-m~2.d~! represent
the lower limits of irradiance needed for gametogenesis
and growth of Macrocystis sporophytes under ideal
temperature and nutrient stress conditions. A minimum
of 10 continuous days with irradiance at =0.4 mol pho-
tons-m~2-d~' is necessary for gametogenesis. At lower
irradiance, gametophytes take longer to produce spo-
rophytes, with a corresponding risk of increased mor-
tality (Deysher and Dean 1984, 1986). Fig. 4 suggests
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that benthic light levels, especially at 15 m, limited
recruitment during the observation period. Total daily
irradiance levels at these two sites demonstrate the poor
water conditions for light transmission noted for much
of spring 1993.

Finally, we evaluated the actual effect of high- and
low-Macrocystis densities on irradiance levels by as-
suming the relative irradiance at the maximum record-
ing station, ‘8 m low,”” as 1.00 and calculating monthly
ratios of 8 m low density to the other irradiance sta-
tions. These monthly ratios were averaged between De-
cember 1989 and August 1991. The mean values were:
8 m low = 1.00; 8 m high = 0.35; 15 m low = 0.22;
15 m high = 0.10; and 21 m low = 0.04. These data
(Fig. 3) show the substantial differences with both
depth and experimental thinning of giant kelp density.

Kelp recruitment: background patterns of
populations of Macrocystis, Pterygophora, and
Laminaria

Macrocystis recruitment events of 1988-1989 and
1993-1994 on the permanent transects differed in mag-
nitude (Tegner et al. 1996, 1997), and these distinctions
were also seen in the patterns of plant and stipe den-
sities in our experimental clearings (Figs. 5 and 6). The
contrasts probably reflect the divergent storm patterns
(e.g., Reed et al. 1988) during these periods, as well
as reflecting the strong Macrocystis canopy suppression
of the understory during the La Niifia and poor ‘water
visibility in spring 1993. During spring—early summer
1988, water temperatures were cool. Also, because of
the massive storm, the canopy was negligible and there
was much more light than in 1993. This resulted in
heavy 1988 recruitment of all kelps along the transects
at 18-, 15-, and 12-m depths (Tegner et al. 1996, 1997).
Bottom temperatures in 1993 were ~1°C higher than
those in 1988 (Fig. 2), and Macrocystis recruitment was
much slower and less intense, in contrast with the mas-
sive event in 1988.

Tegner et al. (1996, 1997) demonstrated that differ-
ences in Macrocystis stipe densities between the 1988
and 1993 cohorts apparently had strong effects on the
success and distribution of understory species, and this
related to the importance of oceanographic climate
events on Macrocystis stipe density and canopy cover,
with subsequent cascading effects on the abundance of
the understory. Density and reproductive condition of
the two most important understory species, Pterygo-
phora and Laminaria, are offered in Figs. 7-9. Here
we extend these data with actual experiments designed
to identify thresholds. The reference data for Ptery-
gophora reproduction (Fig. 8) show a winter peak for
both percentage of plants with soral tissue and repro-
ductive index (McPeak 1981), with a much higher pro-
portion being reproductive in shallower depths. While
there is more noise, much the same pattern was ob-
served for Laminaria (Fig. 9). However, again note that
La Niiia stimulation of the Macrocystis canopy (Tegner

SCALING PROCESSES IN A KELP FOREST

229

et al. 1996, 1997) may be responsible for much lower
reproductive indices before late 1990.

Canopy-thinning and clearance experiments:
I. Macrocystis on Macrocystis

Plant and stipe density.—The Macrocystis manipu-
lation involved the removal of all nonencrusting mac-
roalgae, allowing natural recruitment. The density of
giant kelp then was manipulated and new recruits there-
after were removed. Relative experimental densities
were maintained after quarterly assessments of 120 m?/
treatment. The differences between the La Niifia and El
Nifio experiments were dramatic, as Macrocystis den-
sities varied over an order of magnitude, and there were
strong depth-related density differences in both cohorts
(Fig. 5).

We were able to manipulate the density of giant kelp
plants, but stipe density most closely reflects the
amount of light interference that Macrocystis exerts on
the understory. While not directly manipulated, stipe
densities were quantified (Fig. 6), and the densities
following the initial clearings in 1988 dropped from
levels of 310/m? at 8 m, 200/m? at 15 m, and 50-100/
m? at 21 m to relatively low levels that then remained
rather steady for the following 2 yr. However, instead
of a steep decline from initial densities in 1993, the
pattern was one of an increase in stipe density at all
depths for the first year. In fact, there was no Macro-
cystis recruitment at 21 m until January 1994, 10 mo
after that clearing was completed. Recruitment at one
of the two clearings was sparse, and the small sporo-
phytes were completely grazed away, as a front of sea
urchins moved through. At 23 m, recruitment was not
evident until June 1994, 14 mo after that clearing was
initiated, and then in only one of the two clearings.
Because Macrocystis recruits were removed after initial
densities were established in the experimental areas,
the effect of stipe density on Macrocystis recruitment
could not be evaluated.

Survivorship.—The effect of Macrocystis intraspe-
cific competition should be evident as survivorship at
three depths in low- and high-density treatments during
the poststorm 1988-1989 La Nifia and 1992-1994 El
Nifio conditions. In the 1988-1989 experiment, low
density treatments tended to have higher survivorship,
but there was no significant intraspecific difference be-
tween the treatments (Table 1; Fig. Al in the Appen-
dix). In the 1993 experiment there were consistent ef-
fects of depth on survivorship, with the shallow 8-m
plants suffering high initial mortality (probably reflect-
ing the relatively high initial density); the 15-m plants
had intermediate mortality, and the deep 21- and 23-
m plants had relatively low recruitment and high sur-
vivorship. However, only one of the shallow 8-m clear-
ings had a significant negative intraspecific effect; the
other showed no difference between treatments. This
lack of significance probably relates to small-scale (10—
100 m?) patchiness in recruitment.
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Growth.—The number of stipes on each Macrocystis
plant 1 m above the substratum showed similar trends
in both experiments, although the La Niifia conditions
seemed to support more stipes overall and had greater
variation between depths and densities (Fig. A2 in the
Appendix). With regard to the intraspecific effects of
stipe density on number of new stipes per plant in 1988,
after 10 mo there were very strong negative relation-
ships at 8 and 15 m, and an important relationship at
21 m (Table 2); this pattern of significant differences
at 8 and 15 m continued to 25 mo. Again, in contrast
to the La Nifia, there was no hint of an intraspecific
effect of stipe density on stipes per plant in the El Nifio
experiment (Table 2).

Macrocystis holdfasts (Fig. A3 in the Appendix) ob-
tained larger size at all depths and again had greater
variation among depths during the La Nifia. Clearly
higher nutrients enhanced growth of both the canopy
and the holdfasts. Because holdfast size probably in-
tegrates more physiological factors involved with the
health of the plant, this may be a more conservative
measure of environmental conditions than stipe num-
bers. During the nutrient-rich La Niiia, there were very
strong treatment effects, with Macrocystis stipe density
negatively affecting holdfast size (Table 2) after 10 and

O'OOD-ec Feb Apr Jun Aug Oct Dec Feb Apr Jun Aug Oct Dec Feb Apr
1993

1995

25 mo. This negative relationship persisted, but was
much less significant during the El Nifio; at the 8 m
south site there was a positive relationship, but not at
8 m north. Both 15-m sites were significant. The 21 m
north site did not have a significant relationship, and
the 23 m north site had a negative relationship. Thus,
again, the strong interactions were associated with nu-
trient-rich conditions of La Nifia, and this pattern broke
down during the 1993 El Nifio, which even had positive
relationships.

Reproduction.—Growth of sporophylls represents an
important evolutionary adaptation to disturbance and
environmental change. Reed et al. (1996) discussed the
relationship between reproductive responses and re-
sources, and Reed (1987) reported a strong relationship
between biomass and zoospore production; because our
treatments induced differences in growth, we hypoth-
esized that there should also be differences in repro-
duction. Two reproductive indicators were evaluated:
(1) sporophyll bundle volume (Fig. A4 in the Appen-
dix), and (2) sporophyll condition (Fig. AS in the Ap-
pendix), assessed on a scale of 0-5, in which 0 = no
sporophylls present, and 5 = sporophylls actually re-
leasing zoospores (Table 2).

The volume of sporophyll bundles during the La
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FI1G. 6. Macrocystis stipe density (no. stipes/m?) in the clearing experiments of 1988-1991 and 1993-1995. The data
from the high- and low-density Macrocystis treatments of the 1988-1991 experiment and from both clearings (Cn, north
clearing; Cs, south clearing) of the 1993-1995 experiment are plotted. Note the change in scale among the graphs.

Niifia was larger than the El Nifio years (Fig. A4 in the
Appendix). After 10 and 25 mo, sporophyll bundle size
was highly significantly negatively influenced by stipe
density during the La Nifia (Table 2). However, the only
negative relationships between sporophyll bundle size
and stipe density during the El Nifio were at 15 m, both
north and south. This is strong evidence of an inter-
action between nutrient availability and density depen-
dent reproduction. In fact, in the first experiment, spo-
rophyll bundles at 21 m were larger than those in shal-
low water. This suggests that the size of the bundles
is heavily influenced by nutrients, as this area of the

kelp forest consistently had colder, presumably more
nutrient-rich waters.

Sporophyll reproductive condition data (Fig. AS in
the Appendix) follow similar patterns as those of bun-
dle volume. There were negative density effects among
treatments after 10 mo at 8, 15, and 21 m during the
La Nifia (Table 2). After 25 mo, these effects were
largely lost as only 15 m had a negative effect. In the
El Nifio experiment, there was only one negative effect
at the 23 m north site. The appearance of the first sori
at the shallower sites was much faster under La Nifia
conditions than in the El Nifio experiment: 1.5 vs. 5.5
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Pterygophora californica
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Laminaria farlowii

40 7

35 7

30 7

25 7

20 7
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mo at 8 m, and 2.5 vs. 6.0 mo at 15 m. Plants at 21 m
did not become reproductive until 10-13.5 mo after
the experiment started, whereas 21- and 23-m plants
became reproductive in 6-9 mo in 1993.

Canopy-thinning and clearance experiments:
II. Macrocystis and/or Pterygophora effects on
Pterygophora

Density,—Pterygophora responded to major distur-
bances, such as the 1982-1984 ENSO and the 1988
storm (Dayton et al. 1992), on both the transect lines
(Fig. 7) and in the experimental plots (Fig. A6 in the
Appendix). The background densities observed along
the transect lines showed relatively high shallow water
recruitment with densities of 6—7 plants/m?, while the
deeper sites were <1 plant/m?. The 1988 storm cleared
much of the substratum, vastly reducing the density of
all algae, and there was massive Pterygophora recruit-
ment of 100-200 plants/m?. This soon decreased con-
siderably, as the strong La Nifia Macrocystis compe-
tition took effect (Tegner et al. 1997), and the back-
ground densities were very much lower during the 1993
El Nifio than during the La Nifia conditions of the late

PAUL K. DAYTON ET AL.

Ecological Monographs
Vol. 69, No. 2

Fic.7. (A) Density of Pterygophora and (B)
percent cover of Laminaria along transect lines
at three sites in the Point Loma kelp forest,
1983-1996. Modified from Tegner et al. (1997).

1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997

El Nifio
(warm canditions)

1980s. After 10 mo during the La Niifia, Macrocystis
had strong negative effects at 8 m and a strong positive
effect at 15 m (Table 3). Furthermore, probably because
densities were very low, the same sites after 25 mo had
negative effects. Densities at 21 m were very low, and
there was never an effect at 21 m during the La Nifia.
For some reason, the 15-m site had stronger recruitment
in 1993 than did the 8-m site. While the densities at
21 m during the 1992-1993 El Nifio were very much
lower than at shallower depths, they began to increase
at about the same time that densities decreased at 15
m. In 1993 the densities remained virtually unchanged
at 8 and 15 m. There was only one significant effect
of Macrocystis stipe density on Pterygophora density
at the 8 m south site (Table 3).

Survivorship.—Table 1 summarizes the interspecific
effects of Macrocystis density on Pterygophora sur-
vivorship (Fig. A7 in the Appendix). Pterygophora sur-
vivorship was very similar at both depths and treat-
ments in 1988. The 1993 experiment was extremely
variable, yet there was a highly significant negative
Macrocystis effect on Pterygophora survivorship at 8
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Fic. 8. Percentage of 25 Pterygophora,
which were collected every month during
March 1990-December 1991, that were repro-
ductive, and the mean reproductive index ([(so-
rus wet mass)/(total sporophyll wet mass)] X
100). Pterygophora were collected from areas
with moderate Macrocystis canopy near the
clearing sites at 8, 15, and 21 m in the center
of the kelp forest.
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Fi1G. 9. Percentage of 25 Laminaria, which
were collected every month during March
1990-December 1991, that were reproductive,
and the mean reproductive index ([(mean sorus
wet mass)/(total blade wet mass)] X 100). Lam-
inaria were collected from areas with moderate
Macrocystis canopy near the clearing sites at 8,
15, and 21 m in the center of the kelp forest.
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TABLE 1.

PAUL K. DAYTON ET AL.

Ecological Monographs
Vol. 69, No. 2

Summary of the analyses of the effects of Macrocystis stipe density on the survi-

vorship of tagged plants using Generalized Linear Modeling. The number of months that
each plant survived was used as the dependent variable.

Macrocystis effect

Initial Depth Error Regression
Species year (m) (df) Probability (P) coefficient
Macrocystis 1988 8 37 NS
15 30 NS
21 18 NS
1993 8 south 29 0.0121 -0.39
8 north 29 NS
15 south 29 NS
15 north 29 NS
21 south
21 north 26 NS
23 south
23 north 20 NS
Pterygophora 1988 8 48 NS
15 49 0.0276 —0.45
21 No tagged plants
1993 8 south 44 NS
8 north 44 00001 —0.69
15 south 44 NS
15 north 44 NS
21 south
21 north 32 NS
23 south
23 north No tagged plants
Laminaria 1988 8 28 0.0001 —-1.21
15 30 0.0001 -0.97
21 29 NS
1993 8 south 41 NS
8 north 43 NS
15 south 44 0.0580 - -0.19
15 north 44 NS
21 south
21 north 44 NS
23 south
23 north 44 NS

Notes: Separate analyses were performed on data from each clearing at each depth. The P
value of the effect of the independent variable, Macrocystis stipe density, is presented if <0.10;

NS = not significant.

m north; all of the rest of the comparisons were insig-
nificant.

Growth.—Terminal blade growth of Pterygophora
(Fig. A8 in the Appendix) was seasonal and very
strongly affected by the Macrocystis density treatment
in 1988, at both 8 m and 15 m (Table 3). In 1993 there
were negative effects of Macrocystis stipe density at
both the 8- and 15-m sites, but not at 21 or 23 m. Clearly
Macrocystis can have a very powerful effect on Ptery-
gophora growth, apparently much stronger than the
depth effect.

Reproduction.—The number of sporophylls per
Pterygophora plant was similar during the La Nifia and
El Nifio periods, except that the deep 21-m plants did
not become reproductive in 1993 (Fig. A9 in the Ap-
pendix). It is interesting to note that the single 8 m
low-density plant surviving through 1991 had many
more fertile sporophylls than the other plants. During
the 1988 La Nifia, Macrocystis stipe density negatively
impacted Pterygophora sporophyll production at 8 m
and 15 m (Table 3). In the 1993 experiment, there were
negative effects of Macrocystis stipe density on spo-

rophyll production at all sites. Clearly, Macrocystis has
very strong interspecific effects on Pterygophora spo-
rophyll production. There is no evidence that Ptery-
gophora are deciduous at Point Loma, as has been re-
ported for more northerly populations (Reed 1987).
The effects of Macrocystis stipe density on the pro-
duction of sori on Pterygophora sporophyll blades were
highly variable, although the seasonality noted by Reed
et al. (1996) was apparent, especially under El Nifio
conditions (Fig. A10 in the Appendix). In 1989, the
percentage of sporophyll blades per plant that were
reproductive may have been relatively high, but, since
monitoring was not performed until late spring, the
peak was not recorded. During the second spring, few
blades became reproductive. This pattern differed in
the 1993-1995 experiment; in 1994, the percentage of
reproductive blades was relatively low, at 8 and 15 m,
compared with soral production during the plants’ third
spring. The negative effects of Macrocystis stipe den-
sity varied from not significant at 8 m south and 15 m
north to highly significant at 8 m north and at 15 m
south (Table 3). Because Pterygophora recruited in

This content downloaded from 129.174.21.5 on Wed, 30 Oct 2013 11:05:28 AM
All use subject to JISTOR Terms and Conditions



http://www.jstor.org/page/info/about/policies/terms.jsp

May 1999

SCALING PROCESSES IN A KELP FOREST

235

TABLE 2. Summary of the analyses of the intraspecific effects of Macrocystis stipe density on stipes per plant, holdfast
volume, sporophyll bundle volume, and sporophyll condition using Generalized Linear Modeling.

Macrocystis effect

After 10 mo After 25 mo
Initial Depth Error  Probability Regression Error  Probability Regression
Response variable year (m) (df) P) coefficient df) P) coefficient
Stipes per plant 1988 8 25 0.0004 -0.07 24 0.0448 —0.03
15 27 0.0001 —0.05 23 0.0001 -0.13
21 19 0.0535 —0.04 19 NS
1993 8 south 19 NS
8 north 23 NS
15 south 21 NS
15 north 17 NS
21 south
21 north 13 NS
23 south
23 north 13 NS
Holdfast volume 1988 8 25 0.0001 -0.14 24 0.0004 —0.05
15 27 0.0001 —0.14 23 0.0001 —0.12
21 19 0.0001 —0.11 19 0.0026 —0.06
1993 8 south 19 0.0096 -0.03
8 north 23 NS
15 south 21 0.0879 +0.06
15 north 17 0.0481 -0.11
21 south
21 north 13 NS
23 south
23 north 13 0.0801 —1.95
Sporophyll bundle 1988 8 25 0.0001 -0.21 24 0.0047 —0.10
volume 15 27 0.0001 -0.22 23 0.0001 -0.20
21 19 0.0001 —0.15 19 0.0104 —0.13
1993 8 south 19 NS
8 north 23 NS
15 south 21 0.0391 -0.07
15 north 17 0.0536 -0.12
21 south
21 north 13 NS
23 south
23 north 13 NS
Sporophyll 1988 8 25 0.0041 —0.07 24 NS
condition 15 27 0.0156 —0.04 23 0.0164 —0.11
21 19 0.0030 -0.07 19 NS
1993 8 south 19 NS
8 north 23 NS
15 south 21 NS
15 north 17 NS
21 south
21 north 13 NS
23 south
23 north 13 0.0005 —-3.42

Notes: Separate analyses were performed on data from each clearing at each depth at 10 and 25 mo. The P value for the
effect of the independent variable, Macrocystis stipe density, is presented if <0.10; Ns = not significant. No data are available

for empty blocks in the table.

mid-1994 at 21 m, data are only from 1995. This tem-
poral variation may reflect release from the El Nifio
and improved temperature/nutrient conditions. Statis-
tical analysis was not performed on the data from the
first experiment, because there was no concurrent peak
in reproduction of plants from the treatments. Ptery-
gophora in the 1988 experiment required 12-16.5 mo
for appearance of the first sori (except 8 m high which
never became reproductive), but under El Nifio con-
ditions, most sites developed initial sori within 5-11
mo (8 m high required 20 mo).

Intraspecific Pterygophora effects on growth and re-
production.—Reed (1990) attributed intraspecific den-
sity dependence in Pterygophora growth and repro-
duction to competition for light. Probably reflecting the
extremely high densities, we also found very strong
intraspecific negative effects of Pterygophora density
on growth at both 8 and 15 m in 1989 (Table 3). We
found, however, very strong intraspecific positive ef-
fects of Pterygophora density on growth at 8 m south
in 1993 (Table 3). One explanation might be that there
was a high Pterygophora density under a low Mac-
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TaABLE 3. Summary of the analyses of the interspecific effects of Macrocystis stipe density on Pterygophora density, growth,
sporophyll production, and reproductive effort using Generalized Linear Modeling. Intraspecific effects were examined by
using Pterygophora density as a second independent variable in the analysis of growth, sporophyll blades, and reproductive

effort.
After 10 mo After 25 mo
Macrocystis Pterygophora Macrocystis Pterygophora
effect effect effect effect
Regres- Regres- Regres- Regres-

Proba- sion Proba- sion
Response Initial Depth Error  bility coeffi- bility coeffi-

Proba- sion Proba- sion
Error bility coeffi- bility coeffi-

variable year (m) (df) (P) cient (P) cient df) (P) cient P) cient
Density 1988 8 4 0.0001 -0.09 4 0.0050 -0.16
15 4 0.0131 +0.07 4 0.0623 —0.28
21 4 NS 4 NS
1993 8 south 7 0.0714 -0.04
8 north 7 NS
15 south 7 NS
15 north 7 NS
21 south
21 north 7 NS
23 south
23 north 7 NS
Growth rate 1988 8 25 0.0001 -0.17 0.0001 -0.16 (100% mortality in high Macrocystis
(mm/day) by 25 mo)
15 28 0.0001 -0.19 0.0001 -0.18 (100% mortality in high Macrocystis
by 25 mo)
21 ki

1993 8 south 5 0.0294 -0.03 0.0116 +0.33
8 north 32 0.0001 ~—0.08 NS
15 south 11 0.0001 -0.11 NS
15 north 36 0.0002 —0.07 NS

21 south
21 north b
23 south
23 north t
Number of 1988 8 27 0.0001 -0.28 0.0001 +0.26
sporophyll
blades per 15 33 0.0001 -0.17 0.0001 —1.28
plant
21 +
1993 8 south 36 0.0004 -0.02 NS
8 north 43 0.0001 -0.05 0.0139 -0.69
15 south 35 0.0001 -0.06 NS
15 north 43 0.0134 -0.03 NS
21 south
21 north 19 0.0430 +0.29 NS
23 south
23 north t
Percentage of 1988 8 §
reproductive
blades per 15 §
plant
21 8§
1993 8 south 28 NS 0.0214 +0.65

8 north 33 0.0001 -0.14 NS
15 south 29 0.0017 -0.15 NS

15 north 32 NS NS
21 south

21 north 18 NS NS
23 south

23 north t

(100% mortality in high Macrocystis
by 25 mo)

(100% mortality in high Macrocystis
by 25 mo)

(100% mortality in high Macrocystis
by 25 mo)

(100% mortality in high Macrocystis
by 25 mo)

Notes: Separate analyses were performed using data from each clearing at each depth at 10 and 25 mo. P values for the
independent variables, Macrocystis stipe density and Pterygophora density, are presented if <0.10. Ns = not significant. No

data are available for empty blocks in the table.
+ No tagged plants.
1 No growth peak.
§ No seasonal peak.
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TABLE 4. Summary of the analyses of the interspecific effects of Macrocystis stipe density and the intraspecific effects of
Pterygophora density on Pterygophora growth, sporophyll blade production, and survivorship of Pterygophora on modules.

Macrocystis effect

Pterygophora effect

Regression Regression
Response variable Depth (m) Error (df) Probability (P) coefficient Probability (P)  coefficient
Growth 8 16 0.0001 —0.14 0.0054 —0.01
15 17 0.0001 —0.15 NS
21 17 0.0029 -0.10 NS
Number of sporophyll blades 8 10 0.0001 —0.23 0.0567 -0.03
per plant 15 9 0.0001+ -2.89 0.0001 -0.03
21 12 NS NS
Percentage of reproductive 8 10 0.0001 -1.36 NS
blades per plant 15 9 0.0001+t —2.89 NS
21 12 NS 0.0001 +0.06
Survivorship 8 b
15 16 0.0001 —0.25 NS
21 16 NS 0.0180 -0.04

Notes: Separate analyses were performed on data from each clearing at each depth. P values for the effects of the independent
variables, Macrocystis stipe density and Pterygophora density, are presented if <0.10; Ns = not significant. For more details

of the analysis of growth, see Data analysis section of text.

+ Plants in high stipe density treatment had 0 sporophyll blades after 2 mo.

¥ Some modules lost.

rocystis canopy. Thus, there might have been release
from Macrocystis competition expressed as a positive
intraspecific Pterygophora relationship. At 15 m in
1988, we found the expected strong negative intraspe-
cific Pterygophora relationship. )

We also analyzed the intraspecific effects of Ptery-
gophora density on Pterygophora sporophyll produc-
tion (Table 3). During the 1988-1989 La Niiia, there
were highly significant effects at both 8 and 15 m, but
the 8-m site had a positive relationship, whereas the
15-m site had a negative relationship. There were no
tagged Pterygophora at 21 m during La Nifia. At 8 m
north -during the 1993 El Nifio, however, there was a
negative effect of Pterygophora density on sporophyll
production, but no other significant intraspecific effects
on Pterygophora sporophyll number.

The spatial variability in soral production occurred
not only with respect to the Macrocystis effect, but also
with the intraspecific Pterygophora effects (Table 3).
Soral production was strongly affected by Macrocystis
density at 8 m north, but not at 8 m south, which ac-
tually had a strong positive Pterygophora density ef-
fect. There were no other negative Pterygophora ef-
fects. Again, this may be because the Pterygophora
density was higher in low Macrocystis treatment, and
Pterygophora were, therefore, much more fertile.

Pterygophora module experiments.—In 1989 we
tested the effects of Macrocystis and Pterygophora on
survivorship, growth, and reproduction of Pterygopho-
ra plants that were transplanted on modules (Fig. A1l
in the Appendix). Three modules in one treatment were
lost at 8 m, so testing of survivorship was not possible.
There was a strong negative Macrocystis effect on sur-
vivorship (Table 4) at 15 m, but not at 21 m. In contrast
and perhaps reflecting the lack of a Macrocystis effect

at 21 m, there was a strong negative intraspecific Ptery-
gophora effect at 21 m. There was also a strong neg-
ative Macrocystis stipe effect on Pterygophora growth
(Fig. A12 in the Appendix) at all three depths. The
intraspecific negative effect of Pterygophora (as ma-
nipulated on the modules) on Pterygophora growth was
significant only at 8 m. The lack of an intraspecific
effect was probably due to the strong effect of Mac-
rocystis.

The two shallow sites, 8 and 15 m, had strong neg-
ative Macrocystis effects on Pterygophora sporophyll
production (Fig. Al3 in the Appendix), but not the
deeper 21-m site (Table 4). Interestingly, there were
strong intraspecific effects of Pterygophora density on
sporophyll production at 8 and 15 m. Finally, the mean
percent of sporophylls per plant with sori (Fig. A14 in
the Appendix) was significantly negatively affected by
Macrocystis stipe density at 8 and 15 m, but not at 21
m. Again, possibly reflecting release from this strong
Macrocystis canopy effect, there were no intraspecific
Pterygophora effects at those depths but there was a
very strong positive intraspecific effect at 21 m, where
there had been no Macrocystis effects (Table 4).

Canopy-thinning and clearance experiments:
III. Effects of Macrocystis and/or Pterygophora
on Laminaria

Density.—The effects of Macrocystis or Pterygo-
phora overstories on Laminaria were variable (Fig.
A15 in the Appendix). A recruitment peak at 15 m low
density in 1989 was associated with a die-off of Des-
marestia, which inhibits kelp recruitment (Dayton et
al. 1992). Analyses of the 1988 experiments, after 10
mo (Table 5), show negative effects of Macrocystis
stipe density on Laminaria density at 15 m, but not at
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TABLE 5. Summary of the analyses of the interspecific effects of Macrocystis stipe density on Laminaria density, growth,
and reproductive effort using Generalized Linear Modeling. Interspecific effects of Pterygophora density as a second
independent variable in the analyses of density, growth, and reproductive effort.

After 10 mo After 25 mo
Macrocystis Pterygophora Macrocystis Pterygophora
effect effect effect effect
Regres- Regres- Regres- Regres-
Proba-  sion  Proba-  sion Proba-  sion  Proba-  sion
Response Initial Depth  Error bility coeffi- bility coeffi- Error bility coeffi- bility coeffi-
variable year (m) (df) (P) cient (P) cient (df) (P) cient (P) cient
Density 1988 8 4 NS NS 4 0.0004 -0.52 NS
15 4 0.0003 -0.51 NS 4 NS NS
21 4 NS -~ 0.0253 +0.85 4 NS NS
1993 8 south 7 0.0208 -0.07 0.0001 +0.38
8 north 7 0.0001 -0.10 NS
15 south 7 NS NS
15 north 7 0.0159 -0.10 NS
21 south
21 north 4 NS NS
23 south
23 north 4 NS NS
Growth 1988 8 (100% mortality of tagged plants in (100% mortality of tagged plants in
high Macrocystis) high Macrocystis)
15 12 0.0001 -0.25 0.0001 +0.14 (100% mortality of tagged plants in
21 26  0.0001 -0.07 0.0001 -0.50 high Macrocystis)
1993 8 south 19 0.0148 NS
8 north 36  0.0001 NS
15 south 15  0.0001 0.0001 —18.56
15 north - NS NS
21 south
21 north 32 0.0103 —28.9 0.0117 -12.19
23 south e .. e s .
23 north 28 0.0009 -0.56 0.0015 +54.41
Percentage of 1988 8 (100% mortality of tagged plants in (100% mortality of tagged plants in
blade covered high Macrocystis) high Macrocystis)
by sorus
15 26 NS NS (100% mortality of tagged plants in
21 20 0.0001 -0.84 NS high Macrocystis)
1993 8 south 35 NS 0.0191 -0.67
8 north 42 NS NS
15 south 35 NS NS
15 north 34 NS NS
21 south -
21 north (No Laminaria were reproductive)
23 south .-
23 north 42 NS NS

Notes: Separate analyses were performed on data from each clearing at each depth and for density data, at 10 and 25 mo.
P values for the effects of the independent variables, Macrocystis stipe density and Pterygophora density, are presented if

<0.10; Ns =
available for empty blocks in the table.

8 or 21 m. It is interesting to note that the 25-mo
analysis of the 1988 experiment found a very strong
negative Macrocystis impact at the 8-m site that had
not demonstrated a Macrocystis or Pterygophora effect
after 10 mo. In 1993 during the El Nifio, Macrocystis
stipe density had a strong negative effect at both 8-m
sites. There was no effect at 15 m south, but a strong
negative effect at 15 m north. There were no effects at
the deeper sites. It appears that Laminaria densities at
the shallow sites are impacted more strongly by com-
petition with Macrocystis than in the deeper sites.

In addition to Macrocystis, we analyzed for an effect
of Pterygophora density on Laminaria density (Table
5). These correlations were interesting, because some

not significant. For more details of the analysis of growth, see Data analysis section of text. No data are

were strongly positive. In 1988, there were no effects
at 8 or 15 m, but at 21 m, where there had been no
Macrocystis effect, the Pterygophora had a strong pos-
itive correlation. In 1993, there was a strong positive
Pterygophora effect at 8 m south, but not at 8 m north
or the deeper depths.

Survivorship.—In 1988, the Macrocystis effect was
so severe at 8 m that no Laminaria survived more than
32 wk (Fig. A16 in the Appendix). There was a strong
negative impact at 8 and 15 m, but not at 21 m (Table
1). However, the much thinner Macrocystis density dur-
ing the El Nifio in 1993 had no significant effect on
Laminaria survivorship, although one of the 15-m
clearings showed a strong relationship; the differences
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between the clearings may have reflected a Desmarestia
effect (Dayton et al. 1992), although the Desmarestia
was gone by September 1993.

Growth.—Data from the 1989 seasonal growth peak
of tagged Laminaria (Fig. A17 in the Appendix) were
used in the analysis (Table 5). There was a very strong
negative Macrocystis impact on growth at both 15 and
21 m. Except for 15 m north, in 1993 the negative
effects were also important at all three depths.

Interspecific competition with Pterygophora also ap-
peared to affect Laminaria growth rates, at least under
certain conditions (Table 5). Interestingly, in some
cases, the effects were positive, and, in other cases,
they were negative. In the La Nifia experiment, there
were very strong positive effects of Pterygophora den-
sity at both 15-m sites, but an equally strong negative
effect at 21 m. In the 1993 El Nifio experiment, neither
8-m site had a Pterygophora effect, possibly because
the Macrocystis effect had been so strong on both Lami-
naria and Pterygophora. The 15 m south site had a
strong negative Pterygophora effect, but there was no
effect at 15 m north. In addition, the 21 m north site
had an important negative correlation between Ptery-
gophora and Laminaria densities, but in contrast the
deeper 23-m sites had strong positive Pterygophora
correlations with Laminaria growth.

Reproduction.—Reproductive effort is highly sea-
sonal, but it also has a great deal of spatial and inter-
annual variability (Fig. 8; Fig. A18 in the Appendix).
Generally, there was an order of magnitude difference
in the mean percent soral cover between the two ex-
periments (Table 5), with the reproductive effort in
Laminaria much higher in the second (El Nifio) ex-
periment. Probably because of the uniformly severe
interspecific competition, there were no important
depth effects during the La Niifia, although the 21-m
site showed a strong negative Macrocystis effect. There
were some big differences between depths during the
El Nifio, although they were not consistent through
time. For example, one could argue for a depth effect
in winter 1994, but this was reversed the following year.
In addition, there was considerable summer reproduc-
tion at 8 m in both 1994 and 1995, but none elsewhere.
Moreover, these patterns do not behave consistently
within a depth profile. In fact, Laminaria reproduction
in the north clearing at 15 m was always higher under
the high density than under the low density Macro-
cystis. There were no Macrocystis or Pterygophora ef-
fects on Laminaria reproduction deeper than 8 m dur-
ing El Nifio. Also, since Laminaria recruited later at
21 and 23 m, their first reproductive season was a year
later than at 8 and 15 m. A Macrocystis effect was
observed only at 21 m in 1988, and there was a negative
Pterygophora effect at 8 m north.

Canopy-thinning and clearance experiments:
IV. Effects of Macrocystis and/or Pterygophora
on Eisenia
There were enough naturally recruiting Eisenia at 8
and 15 m in 1991 to measure survivorship, growth, and
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in the 8-m low-density-Macrocystis treatment and in the 15-m
low-density Macrocystis treatment, 1990-1991, and in the
23-m clearing with no Macrocystis in 1994. (B) Mean stipe
length of naturally recruited Eisenia. (C) Mean number of
sporophyll blades of naturally recruited Eisenia. Note that the
data for the 1991 cohort were collected for 11 mo.

reproduction (Fig. 10). No Macrocystis effect could be
determined, because Eisenia recruitment was observed
only in the low-density Macrocystis treatments at each
depth. This in itself may be indicative of an effect of
the Macrocystis canopy on the irradiance needed for
Eisenia recruitment. Some interesting depth effects
were again apparent in 1994 as Eisenia recruitment
occurred only in the 23-m clearing that had no Mac-
rocystis.

Survivorship, bifurcation, and growth.—For at least
the first 11-21 mo, there was growth and very good
survivorship of the three sets of tagged Eisenia (Fig.
10). Those at 8 m experienced no mortality, and, after
only 2—-4 mo, two of the six plants had bifurcated (un-
published data). After 6-8 mo, all Eisenia had bifur-
cated. The time to bifurcation was much longer at 15
m: after 8 mo, only one of seven plants had bifurcated;
and after 17 mo, only two of the seven had bifurcated.
In 1994, five of the 12 plants at 23 m had bifurcated
after 11 mo. Because FEisenia recruited at 8§ and 15 m
at the same time in late fall 1990, initial stipe growth
could be compared, and it was much higher at 8 m (Fig.
10). Mean total stipe length of plants at § m was almost
twice that at either 15 or 23 m.
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Fig. 11. (A) Survivorship of Eisenia trans-
planted on modules to high- and low-density
Macrocystis treatments in the clearing experi-
ments, 1989—1991. Survivorship of Eisenia in
a control population at 15 m is also plotted. (B)
Stipe length of Eisenia transplanted on modules
and in the 15-m control.

1989 1990

Reproduction.—FEisenia at 8 m also had a higher
reproductive output as measured by sporophyll blade
production (Fig. 10). Not only did plants at 8 m produce
more sporophylls, but the rates at which these blades
~ were produced was higher than at 15 or 23 m. Inter-
estingly, while sporophyll production was higher at 23
m in 1994 than at 15 m in 1991, the rates at which new
blades were produced were very similar. The number
of blades with sori per plant also showed a marked
depth effect. During winter 1991-1992, two of six
plants at 8 m actually produced sori. During winter
1992-1993, all six became reproductive. Plants at 15
m never became reproductive. At 23 m in 1994, only
two of the 12 plants had become reproductive after 13
mo.

Module experiments

Survivorship.—Even though survivorship of Eisenia
transplanted on modules in 1989 was not as good as
controls, some important Macrocystis and depth effects
were apparent (Fig. 11A). The greatest mortality oc-
curred during the first winter: at each depth, there were
significant Macrocystis stipe effects on the number of
weeks that the Eisenia survived (Table 6). Plants at 8
and 21 m low-density Macrocystis and the control

0 v T T T T T M T L T T T T T M T T T 1
AU Oct Dec Feb Apr Jun Aug Oct Dec Feb Apr Jun Aug
1991

plants at 15 m had the highest survival, while no plants
survived after only 9 mo in the high-density Macro-
cystis treatments at 15 and 21 m. The Macrocystis treat-
ment effect appears to be much more important than
the depth effect on survivorship, as plants in the high-
density Macrocystis treatments, at all three depths,
were unhealthy and had high mortality.

Stipe growth and bifurcation.—The Eisenia on mod-
ules in the 8-m low-density Macrocystis site appeared
to be the healthiest. Two of the plants at 8 m low-density
Macrocystis had bifurcated after 6 mo, and, after 17 mo,
three of five had bifurcated. No other plants had bifur-
cated by that time. Mean total stipe length of plants at
8 m low after 17 mo was >2X that of the remaining
plants at 21 m as well as the 15-m controls (Fig. 11B).
These data were compared with nearby control situa-
tions. The mean percent growth (percent growth = [stipe
length — original length]/[original length] X 100) of
Eisenia at 15 m was 62% of the original stipe length,
compared with the control plants, which exhibited 17%
growth, after 14 mo. After 21 mo, the Eisenia in the 8
m low-density Macrocystis grew 228%, while the 15-m
control plants grew only 47%.

Effects on articulated coralline and foliose red algal
cover.—The turf of articulated coralline algae was re-
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corded as percent cover of the substrate; it responded
differently in each experiment and demonstrated higher
cover in shallow water (Table 7). There was only one
important effect of Macrocystis stipe density on percent
cover of articulated coralline algae after 10 mo in the
1988 experiment at 8 m (Fig. A19 in the Appendix).
There were no Macrocystis effects at 15 or 21 m. After
25 mo during La Niiia, there were very prominent neg-
ative Macrocystis effects at 8 and 15 m. This suggests
lag effects for the coralline algae. There were no Mac-
rocystis effects on articulated coralline cover during
the 1993 El Nifio. Neither were there any effects of
Pterygophora density on percent cover of articulated
coralline algae, except during 1988 at 8 m.

There were evident effects of Macrocystis, but not
Pterygophora, on the cover of foliose red algae (Fig.
A20 in the Appendix) during the El Nifio experiment
(data were not collected during the La Niifia), and Mac-
rocystis had important negative effects at both 8-m sites
(Table 7). There were heavy patches of Desmarestia
that may have obscured the initial recruitment and
abundance differences (Dayton et al. 1992). Finally,
there was a strong Macrocystis impact at 23 m.

DisCcUSSION

This paper is predicated on the assumption that fit-
ness and community organization are based on the net
effects of many types of environmental factors that
influence the distribution, abundance, survivorship,
growth, and reproduction of the component species.
Kelps have evolved in the context of great natural vari-
ation in oceanographic climate as well as many types
of biotic interactions. Here we have attempted to eval-
uate kelp populations in the context of integrated and
interacting oceanographic and biological processes.

Oceanographic processes influence marine systems
over many scales (Haury et al. 1978, Barry and Dayton
1991). This is certainly true in coastal ecology, as éf-
forts to generalize from even widely accepted models
in the marine coastal zone, such as those of Connell
(1961) and Paine (1966), are proving illusory and cer-
tainly not general in time or space (Connell 1970, Paine
1994; see recent review in Dayton 1994 for many hard
substrata examples, and Hall et al. 1994 for soft sub-
strata examples). The strong influence of oceanograph-
ic processes over large scales is especially true of kelp
systems (Dayton and Tegner 19845, Tegner et al. 1996,
1997). Santelices (1990) makes a strong case that ‘‘the
processes of reproduction, dispersal and recruitment of
seaweeds often involve different ecological scales . . .”’

Most interesting ecological questions occur at re-
gional scales far larger in time and space than those
used in controlled ecological experiments. There have
been very few attempts to scale up small-scale research
to these larger, but more important, scales in time and
space (Thrush et al. 1997). Obviously, there are many
practical reasons to work at small scales with the as-
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sumption that the processes have some generality in
space and time; however, such assumptions are rarely
tested. Small-scale experiments, no matter how well
replicated, lack important reality; unless they are built
on a substantial foundation of natural history, including
an appreciation of variability of patterns in time and
space as they affect recruitment, density, survivorship,
growth and reproduction rates, and dispersal. To un-
derstand larger scale patterns, it is necessary to inte-
grate empirical small-scale experimental studies into
the large-scale mosaic (Wiens 1993, Root and Schnei-
der 1995, Thrush et al. 1997). How can we scale up
small-scale studies of patterns and processes in a kelp
habitat to contribute to a general understanding rele-
vant over larger and longer scales?

One solution is to create large-scale experiments
such as whole watersheds (Likens 1985) or lakes
(Schindler 1987, Carpenter et al. 1995). In most cases,
controls and replications are precluded, as often is stan-
dard statistical analysis. The problem of scaling up
from experiments is acute, because most experiments
can not be formally generalized (Eberhardt and Thomas
1991). Various methods of formally cycling experi-
ments and surveys have been recommended by Ras-
tetter et al. (1992) and Wiens et al. (1993). Schneider -
et al. (1997) and Thrush et al. (1997) have presented
examples of iterative cycling between models, obser-
vations, and experiments.

We have evaluated the ‘‘fundamental niches” (sensu
Hutchinson 1957) of important species of kelp with
long-term observations and experiments that have in-
corporated different oceanographic conditions with
contrasting levels of nutrients and disturbance. To un-
derstand the spatial components of the fundamental
niches and to explore the relative importance of these
variables across an environmental gradient, we have
replicated these observations and experiments at dif-
ferent water depths in the kelp forest. The ‘“‘realized
niches” resulting from biotic interactions were eval-
uated by simple density manipulations over both time
and space. Santelices (1990) reviews many studies
demonstrating intense intra- and interspecific density
effects. For several species of kelps, we have evaluated
survival of recruits and juveniles, as well as their
growth and reproduction in different oceanographic cli-
mate conditions, types of disturbance, and important
competition. Because the different oceanographic con-
ditions have presumably included important differ-
ences in nutrients, we are able to evaluate the impor-
tance of bottom-up (nutrients and light) forcing on
these relationships. Moreover, because we have also
experienced extreme variation in the intensity and ex-
tent of physical disturbances over almost 30 yr, we can
contrast important components of top-down (biotic and
abiotic disturbance) forcing as they influence the re-
lationships under study (Dayton et al. 1992).

Conducting experiments during two very different
oceanographic climates over the environmental depth
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TABLE 6. Summary of the effects of competition on kelp life history parameters.

Ecological Monographs
Vol. 69, No. 2

Mp effect on Mp

Mp effect on Pc

Mp effect on Lf

Response Depth 10 mo, 25 mo, 10 mo, 25 mo, 10 mo, 25 mo,
variable (m) 1988 1988 1993 1988 1988 1993 1988 1988 1993
Density 8 0.0001 0.0050 0.0174 NS 0.0004  0.0208
8 NS 0.0001
15 0.0131 0.0623 NS 0.0003 NS NS
15 NS 0.0159
21 NS NS NS NS NS NS
23 NS NS
1, 8 NS 0.0121 NS NS 0.0001 NS
8 NS 0.0001 NS
15 NS NS 0.0276 NS 0.0001 0.0580
15 . NS NS NS
21 NS NS No Pc NS NS NS
23 NS No Pc NS
Growth or 8 0.0004  0.0448 NS 0.0001 ki 0.0294 T 0.0148
stipe growth 8 NS 0.0001 0.0001
15 0.0001 0.0001 NS 0.0001 T 0.0001 0.0001 0.0001
21 0.0535 NS NS No Pc No Pc I 0.0001 0.0103
Holdfast size 8 0.0001 0.0004 0.0096
8 NS
15 0.0001 0.0001 0.0879
15 0.0481
21 0.0001 0.0026 NS
23 0.0801
Sporophyll 8 0.0001 0.0047 NS 0.0001 T 0.0004
production 8 NS 0.0001
15 0.0001 0.0001 0.0391 0.0001 t 0.0001
15 0.0536 0.0134
21 0.0001 0.0104 NS No Pc No Pc 0.0430
23 NS No Pc
Sori production 8  0.0041 NS NS I NS T NS
15 0.0156  0.0164 NS I 0.0017 NS NS
15 NS NS NS
21 0.0030 NS NS Il NS 0.0001 i
23 0.0005 No Pc NS

Notes: P values for the effects of the independent variables, Macrocystis stipe density and Pterygophora density are presented
if <0.10. Mp = Macrocystis pyrifera, Pc = Pterygophora californica, Lf = Laminaria farlowii, Ea = Eisenia arborea; NS
= not significant (P > 0.10). No data are available for empty blocks in the table.

1 Could not perform analysis because of 100% mortality in the high Macrocystis treatment.

t No Laminaria reproduction had occurred by the time plants elsewhere were reproductive.

§ Could not perform analysis because modules in one treatment were lost.

| No peak present.

gradients of one of the largest giant kelp forests in the
world allows an unusual evaluation of the robustness
of competition experiments in time and space. This
community is characterized by a single strong com-
petitive dominant plant, Macrocystis pyrifera, and sev-
eral understory species, especially Pterygophora cali-
fornica, Eisenia arborea, and Laminaria farlowii. Pre-
vious work (Dayton et al. 1984) has shown a compet-
itive hierarchy of Macrocystis > Pterygophora >
Laminaria and other understory species including red
foliose and coralline algae, and that the hierarchy
changed in different regimes of wave exposure. The
current study has demonstrated that the intensity of that
pattern varies markedly across depth in the same re-
gion.

Perhaps our most striking observation is the role of

scaling in time. Santelices (1990) and Reed et al. (1996)
summarize the literature, emphasizing the important
role of seasonal patterns in reproduction. Certainly, we
observed seasonality in Pterygophora and Laminaria.
However, longer scales in time seem even more im-
portant, as long-term research demonstrates the critical
role of oceanographic climate that varies from the nu-
trient-poor conditions of massive, or even intermittent,
El Nifio conditions (such as we studied in 1992-1993
in which the competitive dominant was highly stressed)
to a nutrient-rich La Nifia event (in which the com-
petitive dominance was very powerful) (Dayton et al.
1992, Tegner et al. 1996, 1997). A historical review
(Tegner et al. 1996) reports major changes in the Mac-
rocystis canopy over the last century, and up to two-
thirds reductions in standing biomass and stipe carrying
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TABLE 6. Extended.
Pc effect on Pc Pc effect on Lf Modules
10 mo, 25 mo, 10 mo, 25 mo, Mp on Pc, PconPc, Mp on Ea,
1988 1988 1993 1988 1988 1993 1989 1989 1990
NS NS 0.0001
e e NS
NS NS NS
e e NS
0.0253 NS NS
e e NS
§ § 0.0225
0.0001 NS 0.0279
NS 0.0180 0.0204
0.0001 T 0.0116 T NS 0.0001 0.0054
e vea NS vea NS e e
0.0001 T NS 0.0001 0.0001 0.0001 NS
ee e NS en NS e e
No Pc No Pc Il 0.0001 0.0117 0.0029 NS
No Pc 0.0015
0.0001 T 0.0139 0.0001 0.0567
e e NS e e
0.0001 t NS 0.0001 0.0001
e e NS “es e
No Pc No Pc NS NS NS
No Pc
0.0214 t 0.0191 0.0001 NS
NS e NS e e
NS NS NS 0.0001 NS
NS e NS e e
NS NS b NS 0.0001
No Pc . NS e e

capacity since 1957, with most of the changes assumed
to occur after an important oceanographic regime shift
(sensu Steele 1996) in the mid-1970s (Hayward 1997)
that offers evidence of even more important time scale
understanding. As expected, we found considerable dif-
ferences in the fundamental and realized niches of the
specific kelps.

Macrocystis

Macrocystis exhibited dramatic differences between
the oceanographic climate events with order of mag-
nitude differences in initial kelp density between the
nutrient-rich La Nifla and the nutrient-poor El Nifio;
there were also strong between depth differences dur-
ing the La Nifia. Table 6 summarizes all the plant—plant
relationships over the depth gradient during these con-
trasting oceanographic conditions.

The effects of Macrocystis were manipulated as plant
density, but they were analyzed as stipe density. Its
competitive effects, however, are mediated through
both canopy and water column shading, neither of

which is practical to manipulate (Dayton et al. 1984,
1992). We have two 31 yr time series of the Point Loma
canopy: canopy area as determined from annual aerial
surveys and the commercial harvest, which closely ap-
proximates canopy productivity (Tegner et al. 1996,
1997). Canopy area and harvest are significantly cor-
related, but vary relative to each other; colder years
support higher stipe per plant values, denser canopies,
and higher harvests, relative to canopy area, which does
not give a measure of canopy density or standing stock.
Canopy area and harvest varied by factors of about
four from the post La Nifia high in 1990 to the low of
1992, which was associated with El Nifio conditions.
By 1994, canopy area had recovered to its 1990 value,
due to the recovery of sea urchin barrens (Tegner et
al. 1995); but area was high relative to harvest, because
the warm water conditions were associated with very
low stipe densities.

Because Macrocystis were manipulated, intraspecific
effects on density could not be evaluated. The survi-
vorship data (Table 1) show generally higher survi-
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TABLE 7. Summary of the analyses of the effects of Macrocystis stipe density on the cover of articulated and foliose red
algae using Generalized Linear Modeling. Effects of Pterygophora were examined by using Pterygophora density as a

second independent variable in the analyses.

After 10 mo After 25 mo
Macrocystis Pterygophora Macrocystis Pterygophora
effect effect effect effect
Regres- Regres- Regres- Regres-
Proba- sion  Proba-  sion Proba- sion  Proba-  sion
Response Initial Depth  Error bility coeffi- bility coeffi- Error bility coeffi- bility coeffi-
variable year (m) (df) (P) cient (P) cient (df) (P) cient (P) cient
Articulated 1988 8 3 0.0001 -0.24 0.0003 -0.03 4  0.0001 -0.14 NS
coralline algae 15 3 NS NS 4 0.0001 -0.26 NS
(cover) 21 3 NS NS 4 NS . NS
1993 8 south 6 NS NS
8 north 6 0.0007 -0.03 NS
15 south 7 NS NS
15 north 7 NS NS
21 south NS
21 north 3 NS
23 south -
23 north 3 NS NS
Foliose red 1988 8
algae (cover) 15
21
1993 8 south 7 0.0572 -0.02 NS
8 north 7 0.0001 —0.06 NS
15 south 7 NS - NS
15 north 7 NS NS
21 south . .
21 north 3 NS NS
23 south -
23 north 6 0.0214 -0.41 NS

Notes: Separate analyses were performed using data’ from each clearing at each depth. P values for the effects of the
independent variables, Macrocystis stipe density and Pterygophora density, are presented if <0.10; NS = not significant. No

data are available for empty blocks in the table.

vorship during the La Nifia, but, with one exception,
there were no significant intraspecific Macrocystis ef-
fects on survivorship at any depth during either La Nifia
or El Nifio conditions. The one exception was one of
the two shallow clearings in 1993, which may have
resulted from localized Desmarestia settlement or
patchy localized Macrocystis recruitment (Dayton et
al. 1984). Thus, there was a single shallow-water in-
traspecific effect of Macrocystis stipe density on sur-
vivorship during El Nifio. There were strong oceano-
graphic and competition-induced differences in growth
of both holdfasts and sporophylls, which were highly
impacted by Macrocystis stipe density at all depths
during La Nifia, but only at shallow depths where nu-
trients are more likely to be limiting during El Niiio
(Table 6; Jackson 1977, 1983, Gerard 1982, Zimmer-
man and Kremer 1984). Neushul and Harger (1985),
working in a very shallow (7-m) protected site near
Santa Barbara, found that density manipulations and
fertilization of the surface canopy resulted in surpris-
ingly high yields, with a considerable amount of ge-
netic among-plant variation. As in our experiments,
they found important density effects. They also found
similar nutrient effects (corresponding to our temper-
ature effects) and that fertilization was important only
during the warm, ‘“‘nutrient drought” periods of the

year. Again, consistent with our results, Reed et al.
(1996) have shown that nitrogen content of adult Mac-
rocystis tissue was negatively correlated with temper-
ature, but positively correlated with reproductive ca-
pacity. Summarizing for Macrocystis, the intraspecific
impacts were mostly restricted to the nutrient-rich La
Nifia conditions, with a tendency toward being more
severe at shallower depths. It is important to point out
that there were large background differences in which
the nutrient-rich La Nifia conditions resulted in in-
creased Macrocystis growth and reproduction in gen-
eral, but that the intraspecific impact was nevertheless
very severe during the La Nifia.

At smaller (10—-100 m?) scales, Macrocystis usually
had conspicuously patchy recruitment. We suggest that
this results from a drifting entanglement of several
plants snagged on the bottom for a few days (Dayton
et al. 1984) and/or dense but patchy recruitment of
Desmarestia that restricts kelp recruitment in the area
(Dayton et al. 1992). In 1988, for example, Desma-
restia recruited so densely at 15 m that an entire ex-
perimental block was abandoned and a new clearing
made nearby. Another Desmarestia recruitment event
occurred at 8 and 15 m in 1993, and we removed the
Desmarestia for 4 mo to minimize its impact.
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Pterygophora californica

Three enrichment experiments to consider the role
of oceanographic conditions on Pterygophora were at-
tempted, using the same techniques as Dean and Ja-
cobson (1986) who found enrichment effects with Mac-
rocystis. The first was conducted from September
1991-January 1992, when it was terminated by a break
in the nearby San Diego City sewage outfall. The sec-
ond was run from September 1993-February 1994 and
was terminated by prolonged strong upwelling in the
area that produced cold, nutrient-rich water that made
treatment irrelevant. Finally, the third was run from
July 1994-December 1994, at which time all the plants
were destructively sampled and the soral tissue
weighed in the laboratory. In each case, the results were
suggestive, but in contrast with Dean and Jacobson’s
(1986) results with Macrocystis, we found no signifi-
cant differences in growth, sporophyll numbers, num-
ber of fertile sporophylls, or wet mass of soral tissue
for Pterygophora.

Pterygophora is known to be competitively domi-
nated by Macrocystis (Dayton et al. 1984, 1992, Reed
and Foster 1984, Tegner et al. 1997). Pterygophora
responded to the loss and poor growth of Macrocystis
in the 1982-1984 El Nifio in many areas (Dayton and
Tegner 19844, Tegner and Dayton 1987, Dayton et al.
1992), but, except for the shallow 12-m site (Fig. 7A),
Pterygophora recruitment in these sites during the i)ost-
1982-1984 El Nifio period was quickly dominated by
Macrocystis (Dayton et al. 1992). Pterygophora pop-
ulations at the more shallow sites were virtually elim-
inated by the 1988 storm (Dayton et al. 1992). Like
Macrocystis, the background densities of Pterygophora
were almost an order of magnitude higher during La
Niiia.

The effects of Macrocystis on Pterygophora density,
during the 1988 La Niila, were pronounced at 8 and 15
m, but during the 1993 El Nifio they were important
only at one 8-m site (Tables 1 and 3). The 1988 ex-
periment had much higher initial densities than were
observed in the 1993 experiments, but these did not
persist. A likely explanation is that we observed ex-
tremely heavy recruitment of both species after the
1988 storm, and higher nutrient concentrations during
the La Nifia contributed to a strong Macrocystis canopy
impact on Pterygophora that occurred later. Another
unexpected observation is that in 1994—-1995, the north
and south clearings at 15 m behaved differently. The
south clearing followed the expected negative rela-
tionship between Pterygophora density and Macro-
cystis stipe density, while the north site had a much
lower Pterygophora density in the no-Macrocystis
treatment than in the low Macrocystis density. Nev-
ertheless, at the high Macrocystis density, the Ptery-
gophora density was similar to that of the south clear-
ing, suggesting patchy recruitment. Another natural
history explanation for the low Pterygophora density
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with no Macrocystis is that the site had a very heavy
cover of Laminaria, which we observed to be able to
reduce recruitment of both Macrocystis and Pterygo-
phora, in the 1970s (Dayton et al. 1984), before Ptery-
gophora appeared. As mentioned, the 1988 high Mac-
rocystis area had a much lower Pterygophora density
after 25 mo, suggesting that it simply took longer for
the Macrocystis effect to be exerted.

The most impressive effects of Macrocystis on Ptery-
gophora were exerted on growth and reproduction,
which were very strongly impacted by Macrocystis
stipe densities at most depths (Table 3). DeWreede
(1984) found a clear relationship between biomass and
reproductive output for Pterygophora, and Novaczek
(1984) and DeWreede and Klinger (1988) reported sim-
ilar patterns for Ecklonia radiata, and Laminaria
setchelli and L. ephemera, respectively. This relation-
ship between growth and reproduction was apparent in
our study, with both being strongly affected by com-
petition with Macrocystis.

Considering the strong general interspecific effects
of Macrocystis on Pterygophara growth and reproduc-
tion, it is interesting that we did not find strong effects
on survivorship. The only Macrocystis effects on sur-
vival were at 15 m during the La Nifia and at 8 m
during the El Nifio (Tables 1 and 3). The module ex-
periment (Table 4) also recorded a strong negative ef-
fect on survivorship at 15 m. We believe that this lack
of consistent and strong effect on survival is an artifact
that is caused by a lag in time before the Pterygophora
die; spindly Pterygophora were slow to die even if they
could not grow or reproduce. Pterygophora on the tran-
sect lines (Fig. 7) disappeared by 1992, a year after we
stopped monitoring the 1988 clearing experiment. Sim-
ilarly, Reed (1990) found Pterygophora survival was
not density dependent, probably for the same reason.
It appears that Pterygophora can persist in low light,
nutrient-rich conditions, but growth and reproduction
are much reduced in low light situations.

These ‘‘sublethal” effects are consistent with ob-
servations by Reed (1990) and Reed et al. (1996). Reed
(1990) documented important intraspecific density de-
pendence in Pterygophora growth and reproduction,
and related these effects to competition for light. Initial
densities of Pterygophora in our 1988 experiments
were much higher than in 1993, suggesting that the
intraspecific effect at 8 and 15 m would be stronger in
1988-1989. It was significantly positive in 1993 in the
clearing experiments (Tables 3 and 6), and the module
experiments (Tables 4 and 6) also included several ex-
amples of strong Pterygophora intraspecific competi-
tion. Perhaps the most important observation is that
Pterygophora did not recruit as well at the beginning
of the 1993 experiments as they did after the 1982—
1983 El Nifio storms and after the 1988 storm (Dayton
and Tegner 19844, Reed et al. 1988, 1996, Dayton et
al. 1992, Tegner et al. 1997). Pterygophora responded
quickly at 8 m, but took longer at 15 m. It is not clear
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why Pterygophora did not respond to the clearings im-
mediately in 1993, although Desmarestia at 15 m and
limits to dispersal seem to be obvious hypotheses be-
cause populations were depressed throughout the kelp
forest, and there was no major storm. Furthermore,
light levels were very low (Fig. 4). The module ex-
periment did suggest patchy but intense intraspecific
competition; this competitive intensity appears to fall
off during nutrient-poor years. However, in contrast to
Dean and Jacobson’s (1986) results with Macrocystis,
our experiments failed to document nutrient stress in
Pterygophora, despite repeated efforts. This is consis-
tent with Reed et al. (1996) as well as with our ob-
servations of heavy recruitment, growth, and survi-
vorship of Pterygophora during the highly nutrient-
stressed El Nifio of 1982-1984 (Dayton and Tegner
1984a, Tegner and Dayton 1987). Any kelp can be
stressed by low nutrients, but Pterygophora seems rel-
atively robust and tolerant to nutrient stress.

Laminaria

Macrocystis had variable impacts on Laminaria far-
lowii (Table 5). There were highly significant shallow-
water impacts on density during both La Nifia and El
Nifio, but these were not observed in the deepest sites.
This probably reflects the denser shallow-water Mac-
rocystis canopy. There were strong shallow-water ef-
fects on survivorship during the La Nifia, but not during
the El Nifio, and strong effects of Macrocystis on Lami-
naria growth at all depths and during both time periods.
We also observed effects on reproduction. There were
significant Pterygophora effects on Laminaria density
at 15 m only during El Nifio, again suggesting that
biological interactions are stronger in shallow water.
The dense 1988 Macrocystis eliminated Laminaria at
8 m high density, but there were also highly significant
Pterygophora effects on Laminaria growth in 1988.
This significant Pterygophora effect was seen only at
the deepest site during El Nifio. Thus, both Macrocystis
and Pterygophora had serious impacts on Laminaria
during the nutrient-rich La Nifia years. The deeper
Laminaria at 18 and 15 m, however, fared better after
the massive 1982—-1984 El Nifio (Fig. 7B) and suffered
less in the 1988 storm. Both Laminaria and Pterygo-
phora responded to the loss of Macrocystis after the
winter storms of 1982-1983 and after the great 1988
storm (see Dayton et al. 1992). This supports a hier-
archical effect in which Pterygophora has a strong im-
pact on Laminaria in the absence of Macrocystis (Day-
ton et al. 1984). Initial densities of Pterygophora in
the first experiments were much higher than in 1993,
so the intraspecific effects at 8 and 15 m would be
stronger in 1988-1989. The positive effects may relate
to the fact that the high Macrocystis treatments also
had high Pterygophora densities. Hence, there can be
a strong correlation between Macrocystis and Ptery-
gophora.

The evolutionary implications of the La Nifia event

PAUL K. DAYTON ET AL.

Ecological Monographs
Vol. 69, No. 2

on Laminaria survival and reproduction are striking.
None of the tagged plants in the 8 m high Macrocystis
treatment, and only two of 16 plants in the 15 m high
density treatment, reproduced before their early death.
Laminaria in the high density Macrocystis treatment
at 21 m had better survivorship, but only one plant was
ever observed to be reproductive at that site. The fun-
damental niche of Laminaria is very broad, as evi-
denced by its large geographic range as well as its
extremely wide depth distribution ranging from the in-
tertidal to 120 m (Lissner and Dorsey 1986). But, be-
cause it is so sensitive to competition, its realized niche
is relatively small; and an extended period of colder
temperatures, by stimulating overstory species, could
be devastating for this competitively inferior member
of the understory.

Eisenia

Eisenia arborea has as wider depth distribution than
Pterygophora, but it also ranges south down the west-
ern Baja California peninsula. Compared with the other
kelps we have studied, recruitment rates of Eisenia
were extremely low, and we observed it only in shallow
low Macrocystis treatments or in deeper areas that had
no other canopy. This low recruitment has been con-
sistent over the entire 27 yr that we have worked at
Point Loma. Once juveniles were established, there was
remarkably good survivorship (Fig. 10). Both growth
and reproduction were much diminished with depth;
stipe growth at 8 m was ~2X that observed at deeper
depths, and sporophyll production was much higher in
shallow water. These conclusions are consistent with
the module experiments, in which the low density treat-
ments had significantly higher survivorship at all three
depths (Table 6), and the only growth was observed in
the shallow low density treatment (Fig. 11). The Mac-
rocystis treatment effect seemed much stronger than
the depth effect.

Like Laminaria, Eisenia seems especially sensitive
to competition in almost all life history parameters.
Recruitment is strongly inhibited by canopies, as are
growth and reproduction. Most interestingly, it seems
to be the slowest kelp of those studied to reach sexual
maturity. This was not expected, because it has a very
broad depth distribution occurring in deep water (Liss-
ner and Dorsey 1986) as well as into the intertidal at
Point Loma (Dayton et al. 1992). Perhaps these fringe
populations serve as refuges from competition. It is
important to point out that although recruitment is very
rare and seemingly sensitive to competition, in the
1970s and early 1980s we observed Eisenia to have
high survivorship and to strongly out compete Ptery-
gophora in the 15 m patches (Dayton et al. 1984).

CONCLUSIONS

It seems that the strongest biological interactions
were consistently seen during the La Nifia, when nu-
trient-rich water conditions resulted in strong canopy
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growth, especially in shallow water. This resulted in
significant and often massive competitive impacts on
the subordinate species. These patterns were dependent
upon the depth of the research sites, because stipe car-
rying capacity increases with decreasing water depth
(Dayton et al. 1992), resulting in denser Macrocystis
canopy growth in shallow water. These patterns were
very different during the nutrient-poor El Nifio years,
when the Macrocystis canopy was more strongly im-
pacted than the understory canopies (Dayton and Teg-
ner 1984a, Tegner and Dayton 1987, Tegner et al. 1996,
1997). In terms of the fundamental and realized niches
of the kelps, the fundamental niches were strongly in-
fluenced by light and nutrients, but the realized niches
that were potentially dictated by canopy competition
were variable in time, depending upon the oceano-
graphic climate (ENSO events).

Recovery from the two oceanographic climate events
was also different. Patches and populations of kelps all
recovered from El Nifios remarkably quickly, however,
the recovery from the strong canopy competition in-
duced by the nutrient-rich La Nifia was much slower
and some of the patches appear to be permanently
changed. Understory patches at 15 m that had persisted
25 yr through the strongest El Nifio in a century and
perhaps the most destructive storm in two centuries
(Dayton et al. 1992) were finally eliminated by light
limitation induced by La Nifia conditions. Indeed, La-
minaria disappeared from large areas. This emphasizes
the long-term persistence of rare competition (both in-
tra- and interspecific) events.

Most reviews of disturbance emphasize the impor-
tance of the intensity and scales of the perturbation.
Kelp forests are exposed to a large array of small-scale
disturbances, many of which have been well studied
(Dayton 1985); however, integrated studies of large
scale events are rare (Dayton et al. 1992, Tegner et al.
1996, 1997). Concerning the disturbances impacting
Point Loma in the 1980s, one effect was increased can-
opy destruction. However, much of the structure of the
community recovered quickly (Dayton et al. 1992).
Tegner et al. (1997) discussed how the patterns of suc-
cession following the El Nifio storms of 1982-1983
and the single 1988 storm were very different because
of the different oceanographic climates that followed
the disturbances.

Age of maturation is one of the most important de-
mographic parameters. The Macrocystis density treat-
ment had little intraspecific or interspecific effects on
this parameter, except for Pterygophora during La Niiia
and the shallow site during the El Nifio. However, very
important depth effects during La Nifia were only mar-
ginal during El Nifio years. Santelices (1990) sum-
marizes some of the literature describing ontogenic pat-
terns of reproduction. Most authors (e.g., DeWreede
1984, Chapman 19864, Reed 1987) agree that the most
important determinant of the actual number of spores
produced is the size of the plant, rather than the age
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of maturation. However, age of maturation is well
known to be an important component of an organism’s
response to disturbance. Santelices (1990) points out
that age can be a poor indicator of demographic pa-
rameters for kelps, because growth and reproductive
rates can be suppressed by environmental variables,
like those that we have demonstrated.

What is the selective mechanism for the different
reproductive strategies of kelps in this community?
Survivorship of Macrocystis and Pterygophora appear
similar in our results, Pterygophora is well known to
be able to live much longer than Macrocystis (Dayton
1985). Reed et al. (1996) suggested that Macrocystis
reproduces more or less continuously, because it is en-
ergetically cheap to produce spores; and, considering
that the plants do not live very long, it is adaptive bet-
hedging to reproduce continuously rather than risk
mortality. On the other hand, the often much longer
lived Pterygophora can afford to save their energy and
reproduce when the probability of spore survival is
highest. Reed et al. (1996) observed that Pterygophora
spore C/N ratios were constant over time, whereas the
Macrocystis C/N ratio was strongly affected by water
temperature, which is an indicator of nutrients. Our
data support this observation: the important storm dis-
turbances we have documented since 1970 occurred in
the winter months, with consequent increased irradi-
ance on the bottom (summarized in Dayton et al. 1984,
1992). Furthermore, Pterygophora reproduction (Fig.
8B) peaks before the onset of cold temperatures during
the spring (Fig. 2), offering further indication that re-
production in this species is independent of nutrients.
Not surprisingly, Pterygophora seems sensitive to the
amount of irradiance for reproduction (Reed 1990, Reed
et al. 1996), and this strongly selects for seasonal re-
production during the period most likely characterized
by disturbance, and subsequent open space on the bot-
tom, as well as storm-thinned canopies above. In con-
trast, as we have seen, Macrocystis is extremely sensitive
to nutrient stress (see also Neushul and Harger 1985,
Reed et al. 1996, Tegner et al. 1996, 1997). Because its
canopy floats on the surface, adult Macrocystis are sen-
sitive to surface nutrients and relatively less sensitive
to light, thus decoupling surface and benthic events.

Demonstration that the most lasting impacts of nat-
ural variation in oceanographic climate result from
those induced by strong light competition suggests re-
visiting the comparison between density-dependent/
density-independent regulation and density-vague re-
lationships (Strong 1986). In density-vague relation-
ships, inconsistent relationships are occasionally re-
placed by strong density-dependent impacts, such as
those resulting from competition for light, which are
strengthened by the nutrient-rich La Niifia. It appears
as though the realized niches (as opposed to the fun-
damental niches) are defined by density-vague regu-
lation. For example, most small-scale studies of kelp
have shown density-dependent regulation of growth
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and reproduction (see reviews in Dayton 1985, Chap-
man 1986b, DeWreede and Klinger 1988), and self-
thinning of dense patches of new recruits (Dayton et
al. 1984) is common. Much less common, but extreme-
ly important in a density-vague sense, are the strong
and more lasting events of competitive exclusion, such
as seen in this study.

Finally, ecosystem biologists ask questions about en-
vironmental parameters critical to the very existence
of the system as a whole. For example: what controls
productivity and various rate functions, and what gen-
eral forcing functions work to channel material through
different pathways? While these parameters define the
biotic systems, it has been difficult to relate ecosystem
variables to evolutionary processes. We and Tegner et
al. (1996, 1997) have evaluated temperature as a sur-
rogate of nitrogen and light, two of the most important
parameters affecting kelp productivity. We found that
temporal differences in nitrogen affect the growth rate
of the dominant kelp. Furthermore, there are cascading
effects on the recruitment, survivorship, and reproduc-
tion of the understory species, and these effects vary
across the depth gradient. That is, the availability of
nutrients influences kelp interactions across spatial
scales, as well as influencing the amount and direction
of intraspecific and interspecific competition. This im-
plies that the bottom-up forcing of nutrient availability
may be one of the most important characteristics of this
system.

What is the appropriate scale of study? For marine
systems, this answer must be based on integrating an
understanding of the appropriate oceanographic struc-
ture or physical processes (Barry and Dayton 1991)
with locally important biological processes. The rele-
vant physical and biological processes define both
large- and small-scale patterns (Thrush et al. 1997),
and these processes should be identified a priori. In our
system, small-scale patterns are driven by processes
(competition, disturbance, dispersal, etc.) that are also
potentially very important at larger scales; however,
our most lasting effects result from very large-scale,
low-frequency episodic changes in nutrients, with cas-
cading competitive consequences to the other algal
populations on in the community.
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APPENDIX
Figs. A1-A20 showing supplemental plots of experimental
data are available in ESA’s Electronic Data Archive: Ecolog-
ical Archives M069-003.
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